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Abstract 
 This work encompasses detailed investigations of the synthesis and structures of 
transition metal complexes which contain xylyldiphosphonate or organoarsonate ligands. The 
xylyldiphosphonate families of materials which were examined were the metal(II) series of Cu, 
Ni, Co, Mn, Cd and Zn, with an addition of an organo-nitrogen chelate. With success in these 
families of materials, a secondary metal of vanadium or molybdenum was added to these 
metal(II) systems to increase the complexity of the structure produced. For the organoarsonate 
series of compounds, the chemistry of the Mo/metal(II)/organoarsonate/organo-nitrogen chelate 
family of materials was expanded upon and preliminary studies were conducted into the 
V/metal(II)/organoarsonate/organo-nitrogen chelate group of materials. 
 The analysis of a number of structural determinants in the xylyldiphosphonate family of 
compounds aims to expand upon the current knowledge of metal-diphosphonate chemistry. We 
have focused on variables such as the xylyldiphosphonate ligand used- whether 1,4-, 1,3- or 1,2-
xylyldiphosphonate. Furthermore, we have varied the denticity and size of the organo-nitrogen 
co-ligand. We have also investigated the incorporation of fluoride into the vanadium and 
molybdenum series of compounds. Through our examination of these systems we have 
discovered that all possible dimensionalities are represented in the xylyldiphosphonate series of 
compounds; we postulate that the unique flexibility of the xylyldiphosphonate ligands allows a 
number of unique structures to be produced. 
 In expanding upon the organoarsonate family of materials we have discovered the 
preferences for molecular structures in the Mo/metal(II)/organoarsonate/organo-nitrogen chelate 
family of materials. In our preliminary studies of the vanadium group of materials, a one-
dimensional chain was produced and with a minor change in reaction conditions we saw a drastic 
structural change which yielded a mixed-dimensional structure consisting of clusters and chains. 
We conclude that minor changes in reaction conditions can lead to large structural changes with 
the use of hydrothermal synthesis.   
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Hydrogen atoms and water molecules of crystallization are removed for 
clarity (Color scheme: same as above with nitrogen (blue spheres)). 
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Figure 2.4.  Mixed polyhedral and ball and stick representation of the one-
dimensional chain of [Cu2(H2O)2(o-phen)2(1,4-O3PC8H8PO3)] ·6H2O 
(3·6H2O). Hydrogen atoms and water molecules of crystallization are 
removed for clarity. 
 
56 
xxv 
 
Figure 2.5.  Mixed polyhedral and ball and stick representation of the structure of 
[Cu(o-phen)(1,4-HO3PC8H8PO3H)] ·3H2O (4·3H2O). Hydrogen atoms 
and water molecules of crystallization are removed for clarity. 
 
58 
Figure 2.6.  Mixed polyhedral and ball and stick representation of the two-
dimensional structure of [Cu(o-phen)(1,2-HO3PC8H8PO3H)] (5). 
Hydrogen atoms are not shown for clarity.  
 
60 
Figure 2.7.  Mixed polyhedral and ball and stick representation of the one-
dimensional chain of [Cu(o-phen)(1,3-HO3PC8H8PO3H)] (6). 
Hydrogen atoms are not shown for clarity.  
 
61 
Figure 2.8.  Mixed polyhedral and ball and stick representation of the molecular 
structure of [Cu2(H2O)2(2,2’-bpy)2(1,4-HO3PC8H8PO3H2)2 
(1,4-HO3PC8H8PO3H)] ·2H2O (7·2H2O). Hydrogen atoms and water 
molecules of crystallization are removed for clarity. 
 
63 
Figure 2.9.  Mixed polyhedral and ball and stick representation of the two-
dimensional layered structure of [Cu(2,2’-bpy)(1,4-HO3PC8H8PO3H)] 
·2H2O (8·2H2O). Hydrogen atoms and water molecules of 
crystallization are removed for clarity. 
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Figure 2.10.  Polyhedral representation of the one-dimensional layer of              
[Cu(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (9). Hydrogen atoms are not 
shown for clarity. 
 
66 
Figure 2.11.  Mixed polyhedral and ball and stick representation of (a) the structure 
of [Cu2(H2O)2(tpyprz)(1,4-H2O3PC8H8PO3H)2  
(1,4-HO3PC8H8PO3H)]·1,4-H2O3PC8H8PO3H2·2H2O                                
(10·1,4-H2O3PC8H8PO3H2·2H2O) and (b) the virtual 2-D network 
formed through hydrogen bonding in 10·1,4-H2O3PC8H8PO3H2·2H2O 
(hydrogen bonds indicated by red dashed lines). Hydrogen atoms 
(besides H-bonding hydrogen atoms) and water molecules of 
crystallization are not shown for clarity.  
 
68 
Figure 2.12.  Mixed polyhedral and ball and stick representation of the molecular 
structure of [Cu2(tpyprz)(1,2-HO3PC8H8PO3H)2] ·2H2O (11·2H2O). 
Hydrogen atoms and water molecules of crystallization are removed for 
clarity. 
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Figure 2.13.  Polyhedral representation of (a) the tetrameric unit in 
[Cu4(Cl)4(tpyprz)2(1,4-H2O3PC8H8PO3H)2]Cl2·1,4-
H2O3PC8H8PO3H2·8H2O (12·1,4-H2O3PC8H8PO3H2·8H2O) and (b) 
hydrogen bonding interaction between uncoordinated 1,4-xylene 
diphosphonic acid with the molecular unit to form a one-dimensional 
chain. Hydrogen atoms (except H-bonding hydrogen atoms) and water 
molecules of crystallization are not shown for clarity.  
 
72 
Figure 2.14.  Mixed polyhedral and ball and stick representation of the molecular 
structure of [Cu(2,2’-dipyidylamine)(1,3-HO3PC8H8PO3H)] (13). 
Hydrogen atoms are not shown for clarity.  
 
74 
Figure 2.15.  Magnetic susceptibility plot for compound 6. 
 
76 
Figure 2.16.  Magnetic susceptibility plot of compound 4·3H2O. 
 
77 
Figure 2.17.  TGA plot for compound 1. 
 
79 
Figure 2.18.  TGA plot for compound 2·3H2O. 
 
79 
Figure 3.1.  Typical “pillared layer” structure which contains metal phosphonate 
layers connected by the organic tether.   
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Figure 3.2.  The structures of 1,4-xylene diphosphonic acid, 1,3-xylene 
diphosphonic acid and 1,2-xylene diphosphonic acid. 
 
92 
Figure 3.3.  Polyhedral representation of the two-dimensional layer of          
[Mn(2,2’-bpy)(1,2-HO3PC8H8PO3H)] (1). Hydrogen atoms are not 
shown for clarity (Color scheme is the same for all unless otherwise 
noted: Manganese (dark orange polyhedra), phosphorous (yellow 
polyhedra), oxygen (red spheres), nitrogen (blue spheres), carbon 
(black spheres)). 
 
113 
Figure 3.4.  Polyhedral representation of the (a) two dimensional layer of  
[Mn(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (2)  and (b) a view down the side 
of the layer in [Mn(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (2). Hydrogen 
atoms are not shown for clarity.  
 
115 
Figure 3.5.  Polyhedral representation of (a) the                                                   
[Mn(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)]n 
2n+  chains in                   
[Mn(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H              
(3·1,4-HO3PC8H8PO3H) and (b) the packing in                                  
[Mn(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H             
(3·1,4-HO3PC8H8PO3H). Hydrogen atoms are not shown for clarity.  
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Figure 3.6.  The virtual two-dimensional structure produced by hydrogen-bonding 
between the  [Mn(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)]n 
2n+  chains and 
(HO3PC8H8PO3H)
2- anions in                                                                  
[Mn(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H                       
(3·1,4-HO3PC8H8PO3H). Hydrogen atoms (except H-bonding hydrogen 
atoms) are not shown for clarity (Color scheme: same as above with 
hydrogen atoms (pink spheres)).  
 
118 
Figure 3.7.  Polyhedral representation of (a) the three-dimensional structure of 
[Co(o-phen)(1,4-HO3PC8H8PO3H)] (9) down the c axis and (b) down 
the b axis. Hydrogen atoms are not shown for clarity (Color scheme: 
same as above with cobalt (purple polyhedra)).  
 
121 
Figure 3.8.  Polyhedral representation of the one-dimensional structure of 
[Co(tpyprz)(1,2-HO3PC8H8PO3H)] (11). Hydrogen atoms are not 
shown for clarity. 
 
123 
Figure 3.9. Polyhedral representation of the one-dimensional chain of 
[Ni2(tpyprz)(1,4-HO3PC8H8PO3H)2]·4H2O (16·4H2O). Hydrogen 
atoms and water molecules of crystallization are removed for clarity 
(Color scheme: same as above with nickel (green polyhedra)). 
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Figure 3.10.  Magnetic susceptibility plot for compound                                         
[Mn(2,2’-bpy)(1,2-HO3PC8H8PO3H)] (1). 
 
126 
Figure 3.11.  Magnetic susceptibility plot for compound                                            
[Co(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (6).   
 
127 
Figure 3.12.   Thermogravimetric analysis profile for compound 1 in the 25-800oC 
range. 
 
129 
Figure 3.13.   Thermogravimetric analysis profile for compound                                                     
3·1,4-HO3PC8H8PO3H in the 25-800
oC range. 
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Figure 3.14.   Thermogravimetric analysis profile for compound 12 in the 25-800oC 
range.  
 
130 
Figure 3.15.   Thermogravimetric analysis profile for compound 16·4H2O in the              
25-800oC range. 
 
131 
Figure 3.16.  The syn and anti configuration of the xylyldiphosphonate ligands, 
respectively. 
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Figure 4.1.  The structures of 1,4-xylene diphosphonic acid, 1,3-xylene 
diphosphonic acid and 1,2-xylene diphosphonic acid. 
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Figure 4.2.   A mixed polyhedral and ball and stick representation of the one-
dimensional chain structure of                                                                     
[Zn(2,2’-bpy)(H2O)(1,2-HO3PC8H8PO3H)] (1). Hydrogen atoms are 
not shown for clarity (Color scheme is the same for all unless otherwise 
noted: zinc (dark grey polyhedra), phosphorous (yellow polyhedra), 
oxygen (red spheres), nitrogen (blue spheres), carbon (black spheres)). 
 
160 
Figure 4.3.  A mixed polyhedral and ball and stick representation of                          
[Zn(o-phen)(1,2-HO3PC8H8PO3H)]  (4). Hydrogen atoms are not 
shown for clarity.  
 
161 
Figure 4.4.  Polyhedral representation of the one-dimensional chain of                          
[Zn(2,2’-bpy)(1,3-HO3PC8H8PO3H)] ·H2O  (2·H2O). Hydrogen atoms 
and water molecules of crystallization are removed for clarity. 
 
162 
Figure 4.5.  Polyhedral representation of the structure of                                                    
[Zn(o-phen)(1,3-HO3PC8H8PO3H)] ·H2O (5·H2O). Hydrogen atoms 
and water molecules of crystallization are removed for clarity. 
 
163 
Figure 4.6.  Polyhedral representation of the structure of                                                 
[Cd(o-phen)(1,3-HO3PC8H8PO3H)] (11). Hydrogen atoms are not 
shown for clarity. 
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Figure 4.7.  Polyhedral representation of the one-dimensional chain structure of 
[Zn(tpyprz)(1,2-HO3PC8H8PO3H)] (7). Hydrogen atoms are not shown 
for clarity.  
 
164 
Figure 4.8.  A polyhedral representation of (a) the unit cell packing in                 
[Zn(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H                
(3·1,4-HO3PC8H8PO3H) and (b) the one-dimensional chain of 
[Zn(N~N)2(1,4-HO3PC8H8PO3H)]. Hydrogen atoms are not shown for 
clarity.  
 
166 
Figure 4.9.  Polyhedral representation of the hydrogen bonding in                            
3·1,4-HO3PC8H8PO3H which produces a virtual two-dimensional layer. 
Hydrogen bonding shown with red dashed lines. Hydrogen atoms (with 
the exception of H-bonding hydrogen atoms) are not shown for clarity. 
(Color scheme: same as above with hydrogen atoms (pink spheres)).   
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Figure 4.10.  Polyhedral representation of the structure of                                             
[Cd(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (8). Hydrogen atoms are not 
shown for clarity (Color scheme: same as above with cadmium atoms 
(light purple polyhedra)).    
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Figure 4.11.  Depiction of the three-dimensional structure of                                         
[Zn4(o-phen)4(1,4-HO3PC8H8PO3)2(1,4-HO3PC8H8PO3H)] ·3H2O  
(6·3H2O). Hydrogen atoms and water molecules of crystallization are 
removed for clarity. 
 
170 
Figure 4.12.  A polyhedral representation of the three-dimensional structure of 
[Cd(o-phen)(1,4-HO3PC8H8PO3H)] (12). Hydrogen atoms are not 
shown for clarity.  
 
171 
Figure 4.13.   Thermogravimetric analysis profile for compound 1 in the 25-800oC 
range.   
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Figure 4.14.   Thermogravimetric analysis profile for compound 2·H2O in the                  
25-800oC range.   
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Figure 4.15.   Thermogravimetric analysis profile for compound 3 in the 25-800oC 
range.   
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Figure 4.16.   Thermogravimetric analysis profile for compound 4 in the 25-800oC 
range. 
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Figure 4.17.   Thermogravimetric analysis profile for compound 5·H2O in the                 
25-800oC range. 
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Figure 4.18.   Thermogravimetric analysis profile for compound 8 in the 25-800oC 
range. 
 
176 
Figure 4.19.   Thermogravimetric analysis profile for compound 11 in the 25-800oC 
range. 
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Figure 5.1.  The {Mo5O15(1,4-O3PC8H8PO3)} n
4n− chain of                                               
(a) (H24,4’-dpa)2[Mo5O15(1,2-O3PC8H8PO3)·H2O (1·H2O),                              
(b) (H24,4’-dpa)2[Mo5O15(1,3-O3PC8H8PO3)] (2),                                        
(c) (Co(terpy)2)(H3O)[Mo5O15(1,4-O3PC8H8PO3)]·H2O (3·H2O) and 
(d) (Co(2,2’-bpy)3)(H3O)[Mo5O15(1,4-O3PC8H8PO3)]·6H2O (4·6H2O). 
Hydrogen atoms and water molecules of crystallization are removed for 
clarity (Color scheme is the same for all unless otherwise noted: 
molybdenum (green polyhedra), phosphorous (yellow polyhedra), 
oxygen (red spheres), nitrogen (blue spheres), carbon (black spheres)). 
 
212 
Figure 5.2.  Mixed polyhedral and ball and stick view of the                         
{Mo5O15(1,3-O3PC8H8PO3)}
2-  chains in compound 2 down the b axis. 
Hydrogen atoms are removed for clarity.  
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Figure 5.3.  Mixed polyhedral and ball and stick representation of 3·H2O viewed 
down the c-axis. Hydrogen atoms and water molecules of 
crystallization are removed for clarity (Color scheme: same as above 
with cobalt atoms (purple polyhedra)).  
 
216 
Figure 5.4.  Mixed polyhedral and ball and stick representation of the packing in 
compound 4·6H2O. Hydrogen atoms and water molecules of 
crystallization are removed for clarity. 
 
218 
Figure 5.5.  Mixed polyhedral and ball and stick representation of the structure of 
5·6H2O. Hydrogen atoms and water molecules of crystallization are 
removed for clarity (Color scheme: same as above with copper atoms 
(blue polyhedra)).   
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Figure 5.6.  Mixed polyhedral and ball and stick representation of the one-
dimensional chain of 6·4H2O. Hydrogen atoms and water molecules of 
crystallization are removed for clarity. 
222 
 
Figure 5.7.   
 
Mixed polyhedral and ball and stick representation of                         
[{Cu(o-phen)(H2O)}2(1,4-HO3PC8H8PO3H)]                                            
[Cu(o-phen)(H2O)Mo5O14(OH)(1,4-O3PC8H8PO3)]2 (7). Hydrogen 
atoms are removed for clarity. 
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Figure 5.8.  Mixed polyhedral and ball and stick representation of the (a) cationic 
{Cu2(o-phen)2(H2O)2(HO3PC8H8PO3H)} n
2n+  chain and the (b) anionic 
[{Cu(o-phen)(H2O)}Mo5O14(OH)( 1,4-O3PC8H8PO3)] n
n−  chain in 7. 
Hydrogen atoms are removed for clarity. 
226 
 
Figure 5.9.  
 
Mixed polyhedral and ball and stick representation of                                
(H-4,4’bpy)[{Ni(H-4,4’-bpy)(H2O)4}Mo5O15(1,2-O3PC8H8PO3)]·4H2O 
(8·4H2O). Carbon hydrogen atoms are removed for clarity (Color 
scheme: same as above with nickel atoms (light green polyhedra)).   
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Figure 5.10.  Mixed polyhedral and ball and stick representation of the one-
dimensional structure of                          
[{Ni(tpyprz)(H2O)}2Mo6O18(H2O)(1,4-O3PC8H8PO3]·6H2O (9·6H2O). 
Hydrogen atoms and water molecules of crystallization are removed for 
clarity. 
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Figure 5.11.  
 
Depiction of the {Mo6O18(H2O)(O3PR)2}
4- cluster in 9·6H2O. 
Hydrogen atoms and coordinated water molecules are removed for 
clarity. 
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Figure 5.12.  Mixed polyhedral and ball and stick representation of 
[{Ni2(tpyprz)(H2O)4}Mo4O10(1,4-O3PC8H8PO3)2]·4H2O (10·4H2O). 
Hydrogen atoms and water molecules of crystallization are removed for 
clarity. 
 
231 
Figure 5.13.  Mixed polyhedral and ball and stick representation of the connectivity 
of the molybdophosphonate chain to the nickel subunits in 
[{Ni2(tpyprz)(H2O)4}Mo4O10(1,4-O3PC8H8PO3)2]·4H2O (10·4H2O). 
Hydrogen atoms and water molecules of crystallization are not shown 
for clarity.  
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Figure 5.14.  Mixed polyhedral and ball and stick representation of the three-
dimensional structure of                                                                       
[{Ni(2,2’-dpa)(H2O)}2Mo5O15(1,4-O3PC8H8PO3)]·2H2O (11·2H2O). 
Hydrogen atoms and water molecules of crystallization are not shown 
for clarity. 
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Figure 5.15.  Mixed polyhedral and ball and stick representation of the chain 
substructure in 11·2H2O. Hydrogen atoms and water molecules of 
crystallization are not shown for clarity.    
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Figure 5.16.  Mixed polyhedral and ball and stick representation of                         
[{Cu(o-phen)}2Mo2F3O4(OH)(H2O)4(1,3-O3PC8H8PO3)]·H2O 
(12·H2O). Hydrogen atoms and water molecules of crystallization are 
not shown for clarity. 
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Figure 5.17.  Mixed polyhedral and ball and stick representation of 13·H2O. 
Hydrogen atoms and water molecules of crystallization are not shown 
for clarity. 
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Figure 5.18.  Mixed polyhedral and ball and stick representation of the (a) anionic  
[{Cu(terpy)(H2O)}Mo2F3O4(1,2- O3PC8H8PO3)] n
n− and (b) cationic 
[{Cu2(terpy)2(OH)(H2O)}Mo2F4O3(1,2- O3PC8H8PO3)] n
n+  chains in 
13·H2O. Hydrogen atoms and water molecules of crystallization are not 
shown for clarity.            
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Figure 5.19.  Mixed polyhedral and ball and stick representation of the three-
dimensional structure of 14. Hydrogen atoms are not shown for clarity.  
 
241 
Figure 5.20.  Mixed polyhedral and ball and stick representation of the chain 
building unit in 14. Hydrogen atoms are not shown for clarity. 
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Figure 5.21.  The magnetic susceptibility plot for compound 5·6H2O. 245 
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Figure 5.22.  The magnetic susceptibility plot for compound 14. 
 
245 
Figure 5.23.  The magnetic susceptibility plot for compound 10·4H2O. 
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Figure 5.24.  The magnetic susceptibility plot for compound 12·H2O.  
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Figure 5.25.  Thermogravimetric analysis profile for compound 2 in the 25-800oC 
range. 
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Figure 5.26.  Thermogravimetric analysis profile for compound 3·H2O in the                 
25-800oC range. 
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Figure 5.27.  Thermogravimetric analysis profile for compound 4·6H2O in the               
25-800oC range. 
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Figure 5.28.  Thermogravimetric analysis profile for compound 5·6H2O in the                
25-800oC range.  
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Figure 5.29.  Thermogravimetric analysis profile for compound 8·4H2O in the                
25-800oC range. 
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Figure 5.30.  Thermogravimetric analysis profile for compound 14 in the 25-800oC 
range. 
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Figure 6.1.  Connectivity of a vanadium diphosphonate metal-organic framework, 
with vanadium phosphonate layers tethered by the organic component 
of the diphosphonate ligand. 
 
270 
Figure 6.2.  (a) The prototypical layered material observed in vanadium 
diphosphonate frameworks and (b) the alteration to the pillared layer 
material in the structure of [H3N(CH2)7NH3]2[V2O4(O3PC6H4PO3)2] 
[14].  
 
272 
Figure 6.3.  The structures of 1,4-xylene diphosphonic acid, 1,3-xylene 
diphosphonic acid and 1,2-xylene diphosphonic acid, respectively. 
 
273 
Figure 6.4.  The syn and anti configuration of 1,4-xylene diphosphonate.  
 
273 
Figure 6.5.  Mixed polyhedral and ball and stick representation of                             
[Cu(o-phen)VO2H(1,2-O3PC8H8PO3)] (1). Hydrogen atoms are 
removed for clarity (Color scheme is the same for all unless otherwise 
noted: vanadium (orange polyhedra), copper (blue polyhedra), 
phosphorous (yellow polyhedra), oxygen (red spheres), nitrogen (blue 
spheres), carbon (black spheres)). 
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Figure 6.6.  (a) A mixed polyhedral and ball and stick representation of the one-
dimensional chain of [Cu2(2,2’-dpa)2V2O5(1,3-O3PC8H8PO3)] (2) and 
(b) the metal connectivity in [Cu2(2,2’-dpa)2V2O5(1,3-O3PC8H8PO3)] 
(2) with organics removed. Hydrogen atoms are removed for clarity.  
  
289 
Figure 6.7.  A ball and stick representation of the double-chain structure of               
[Cu2(o-phen)2V2F2O4(H2O)(1,3-O3PC8H8PO3)] (3). Hydrogen atoms 
are removed for clarity. 
 
292 
Figure 6.8.  Mixed polyhedral and ball and stick representation of the two-
dimensional network of [Cu2(o-phen)2V2F2O4(1,4-O3PC8H8PO3)] (4). 
Hydrogen atoms are removed for clarity. 
 
294 
Figure 6.9.  Mixed polyhedral and ball and stick representation of (a) the two-
dimensional network of [Cu2(2,2’-dpa)2V2F2O4(1,2-O3PC8H8PO3)] (5) 
and (b) a view of the side of the layer in                                                   
[Cu2(2,2’-dpa)2V2F2O4(1,2-O3PC8H8PO3)] (5). Hydrogen atoms are 
removed for clarity.      
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Figure 6.10.  Mixed polyhedral and ball and stick representation of 6·H2O. 
Hydrogen atoms and water molecules of crystallization are not shown 
for clarity. 
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Figure 6.11.  Mixed polyhedral and ball and stick representation of the two different 
chain environments, (a) and (b) in [Cu2(2,2’-dpa)2V2F2O4(1,3- 
O3PC8H8PO3)]·H2O (6·H2O). Hydrogen atoms and water molecules of 
crystallization are not shown for clarity.    
 
299 
Figure 6.12.  Mixed polyhedral and ball and stick representation of the three-
dimensional structure of [Cu2(2,2’-bpy)2V2F2O4(1,4-O3PC8H8PO3)] 
(7). Hydrogen atoms are not shown for clarity.  
 
301 
Figure 6.13.  The metal-phosphonate backbone layer of                                              
[Cu2(2,2’-bpy)2V2F2O4(1,4-O3PC8H8PO3)] (7) with organics removed. 
Hydrogen atoms are not shown for clarity. 
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Figure 6.14.  Mixed polyhedral and ball and stick representation of the three-
dimensional structure of                                        
[Cu2(tpyprz)(H2O)2V2F2O4(1,3-O3PC8H8PO3)]·2H2O (8·2H2O) (a) 
down the b-crystallographic axis and (b) down the c-crystallographic 
axis. Hydrogen atoms and water molecules of crystallization are not 
shown for clarity. 
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Figure 6.15.  (a) The two-dimensional layer building unit in 
[Cu2(tpyprz)(H2O)2V2F2O4(1,3-O3PC8H8PO3)]•2H2O (8•2H2O) and (b) 
the two-dimensional layers tethered into a three-dimensional 
framework by the {Cu2(tpyprz)}
4+ groups.  Hydrogen atoms and water 
molecules of crystallization are not shown for clarity.   
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Figure 6.16.  The magnetic susceptibility plot for compound 2. 
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Figure 6.17.  The magnetic susceptibility plot for compound 7. 
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Figure 6.18.  The magnetic susceptibility plot for compound 8·2H2O. 
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Figure 6.19.  Thermogravimetric analysis profile for compound 1 in the 25-800oC 
range. 
 
311 
Figure 6.20.  Thermogravimetric analysis profile for compound 2 in the 25-800oC 
range. 
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Figure 6.21.  Thermogravimetric analysis profile for compound 3 in the 25-800oC 
range. 
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Figure 6.22.  Thermogravimetric analysis profile for compound 8·2H2O in the 25-
800oC range. 
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Figure 7.1.  Polyhedral and ball and stick view of the {Mo6O18(O3AsC6H5)2}
4- 
anion in 1. Hydrogen atoms are removed for clarity (Color scheme is 
the same for all unless otherwise noted: molybdenum (green 
polyhedra), arsenic (yellow polyhedra), oxygen, (red spheres), carbon 
(black spheres)). 
 
332 
Figure 7.2.  Mixed polyhedral and ball and stick representation of the 
{Mo6O17(OH)(H2O)(O3AsC6H5)2}
3- cluster of 2. Carbon hydrogen 
atoms are not shown for clarity (Color scheme: same as above with 
hydrogen atoms (pink)). 
 
334 
Figure 7.3.  Mixed polyhedral and ball-and-stick view of the structure of              
[{Ni(2,2’-bpy)2}Mo6O18(O3AsC6H5)2] (4). Hydrogen atoms are not 
shown for clarity (Color scheme: same as above with nickel atoms 
(light green polyhedra) and nitrogen atoms (light blue spheres)). 
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Figure 7.4.  A view of the structure of [{Cu(2,2’-dpa)(H2O)}2Mo6O18(O3AsC6H5)2] 
(6).  Carbon hydrogen atoms are not shown for clarity (Color scheme: 
same as above with copper atoms (blue polyhedra)). 
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Figure 7.5.  Mixed polyhedral and ball-and-stick representation of the structure of 
the [{Cu(2,2’-dpa)(H2O)2}Mo12O34(O3AsC6H5)4]
2- cluster of 7. 
Hydrogen atoms are removed for clarity. 
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Figure 7.6.  Mixed polyhedral and ball-and-stick representation of the two-
dimensional structure of [{Cu(2,2’-bpy)(H2O)}2 
Mo6O18(O3AsC6H4NH2)2]. Hydrogen atoms are not shown for clarity. 
 
341 
Figure 7.7.  Thermogravimetric analysis profile for compound 1·4H2O in the               
25-800oC range. 
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Figure 7.8.  Thermogravimetric analysis profile for compound 2·4H2O in the                 
25-800oC range. 
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Figure 7.9.  Thermogravimetric analysis profile for compound 3 in the 25-800oC 
range. 
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Figure 7.10.  Thermogravimetric analysis profile for compound 6 in the 25-800oC 
range. 
 
344 
Figure 7.11.  Thermogravimetric analysis profile for compound 8·3H2O in the                    
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1.1 Introduction  
Due to their diverse structural properties and structural motifs inorganic oxides find a 
wide array of applications in chemistry and materials science [1-15]. Structural diversity is 
evidenced through the various oxidation states the metal can adopt along with a variety of 
connectivities and compositions. For example, there are sixteen known binary oxides of iron 
[16]; vanadium oxides can conform to a number of geometries including tetrahedral, octahedral, 
square pyramidal and trigonal bipyramidal; and manganese can exhibit oxidation states from -3 
to +7. Due to the vast range of possibilities of structural composition, it is not unexpected that 
chemists study these materials extensively.   
Most inorganic oxides are simple and highly symmetrical; however, their structural types 
and compositions can be quite complicated. Occurring naturally across the geosphere and 
biosphere [8, 17-18], simple oxides can display interesting properties such as ferromagnetism, 
piezoelectricity, sorptive properties, optical activity and catalytic activity [19-29]. Designed by 
Nature to fulfill a specific purpose, more complex oxides can have the same properties as simple 
oxides; however, the complex materials are generally more highly functionalized. One of the 
most common examples of this is the abalone shell, which is known for being remarkably strong 
[30]. The abalone shell is made of calcium carbonate tiles which are stacked on top of each other 
like bricks. When struck, rather than shattering, the tiles of the abalone shell slide and the 
proteins between the tiles stretch to absorb the energy of the blow [31-33] (Figure 1.1).  
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Figure 1.1. (a) Schematic representation of stacked layers of aragonite tiles; (b) SEM of the 
arrangement of tiles on inner surface of 10mm shell [30]. 
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Rather than simple crystals of calcium carbonate, the shell of an abalone lends more 
functionality; hence, there is a relationship between a materials’ complexity and functionality 
[34]. Just like the abalone shell, many oxide materials which are constructed by Nature contain 
mixtures of inorganic oxides coexisting with organic components in a collaborative manner. This 
lends an increased complexity to the structure produced which results in a higher functionality of 
the material [35-37]. 
 
1.2 Hybrid Organic-Inorganic Materials 
Prior to the 1980s the major class of three-dimensional open framework materials were 
the aluminosilicate zeolites which consisted of metal oxides of aluminum and silicon, 
constructed of corner sharing tetrahedra of [SiO4] and [AlO4]. The drastic increase in the study of 
metal frameworks occurred when it was discovered that more main block and transition metal 
elements could participate as the main components of inorganic frameworks. The use of these 
metals in framework materials led to the discovery of other geometries that the metal can adopt 
such as octahedral [XO6], pentacoordinated [XO5] and pyramidal [XO4] [38].   
An approach to add structural diversity to metal oxide materials involves the addition of 
an organic structure-directing cation into the framework material. Both the inorganic component 
and the organic component lend different properties to the material produced. The inorganic 
component can lend properties such as magnetism, dielectric or optical properties, mechanical 
hardness and thermal stability; whereas the organic component is structure directing and offers 
processibility, chelation between metal centers, polarizability and luminescence [39-43]. The 
organic component can also act as a charge-compensating, space-filling and structure-directing 
cation, a ligand bound to a secondary transition metal center in a complex cation or a ligand 
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bound directly to the inorganic matrix as a terminal or bridging group [44-48].  The combination 
of the attributes that both the inorganic component and organic component lend to the structure 
result in the synthesis of novel multi-functional materials. For instance, the connectivity of the 
hybrid material could produce large pores or channels, which may make the material useful for 
applications in gas storage or separation [49-62]. The organic ligand can then be tailored in 
length and the chelation sites can be modified to theoretically allow manipulation of channel 
size.  
In a hybrid metal-organic framework both the inorganic component and organic 
component are vital parts of the substructure. There are two categories of hybrid metal-organic 
frameworks. The first category of materials are metal-organic frameworks (MOFs) or 
coordination polymers, depicted in Figure 1.2. In these materials metal atoms or clusters are 
bridged by polyfunctional organic molecules. The second class of materials are metal-oxide 
hybrids which include metal-oxygen metal (M-O-M or M-O-M’) arrays implanted within their 
architectures [44, 46].  
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Figure 1.2. Depiction of the connectivity of Metal-organic frameworks (MOFs) or coordination 
polymers. 
 
1.3 The Metal(II) Diphosphonate System 
Diphosphonates as ligands in metal-organic frameworks were reported in the 1970s by 
Alberti and Clearfield, and have been studied for quite some time. The oxygen donors on 
phosphonic acid groups render them ideal ligands for coordination to metal centers [63-66]. The 
prototypical structure type of a metal and phosphonate ligand is termed the “pillared layer” 
structure. This structure is constructed from metal phosphonate layers, which are linked to one 
another through the organic tether of the diphosphonate ligand to form a three-dimensional 
framework material [67-68]. An example of a pillared layer structure from one of the compounds 
presented in this work is [Cu2(H2O)2(1,4-O3PC8H8PO3)], which is constructed from copper 
phosphonate layers that are tethered together by the diphosphonic acid ligand into a three-
dimensional framework. 
 
The chemistry of the α, ω
Upon introduction of a secondary organo
phenanthroline a common secondary building unit
1.3).  These secondary building units can be tethered into a chain
of (NH4)2[VO(HPO4)]2(C2O4)·H
layer through the organic ligand (
layer, as in the crystal structure of 
isolated units, as in the crystal structure of 
alternating vanadium and copper secondary building units (
are seen in the structures of this work. 
 
Figure 1.3.  Depiction of the [M
polyhedra), phosphorous (yellow 
carbon (black spheres)).  
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-alkyldiphosphonates has been extensively studied [69
-nitrogen chelate such as 2,2’-bipyridine or 1,10
, [M2(O,O’-phosphonate)2], forms (
, such as in the crystal structure 
2O [73], where the metal-phosphonate chains are tethered into a 
Figure 1.4a). The secondary building units can also form a 
(NH4)VOPO4·1.5H2O [73] (Figure 1.4b), or they can 
[Zn(terpy)(VO2)(PO4)] [74], which consists of 
Figure 1.4c). These structural motifs 
 
 
2(O,O’-phosphonate)2] building unit. (Color scheme: metal (blue 
polyhedra), oxygen (red spheres), nitrogen (blue spheres
-72]. 
-
Figure 
be 
), 
 
Figure 1.4. (a) The structure of (NH
diphosphonate layer in (NH4)VOPO
[Zn(terpy)(VO2)(PO4)] [74]. 
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(b) 
(c) 
4)2[VO(HPO4)]2(C2O4)·H2O [73] (b) the metal
4·1.5H2O [73] and (c) the metal-phosphonate chain in 
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1.4 The Oxomolybdenum Diphosphonate System 
The construction of metal oxides has long exploited the use of polyoxomolybdate clusters 
as building blocks [46, 73, 75-76]. However, the coordination of the secondary metal-ligand 
components and how they link to the molybdate clusters-whether in one-, two-, or three-
dimensions has proven to be unpredictable. It is described best by Ronald Hoffman: 
 
But in two or three dimensions, it’s a synthetic wasteland. The methodology for 
exercising control so that one can make unstable but persistent extended 
structures on demand is nearly absent. Or to put it in a positive way—this is a 
certain growth point of the chemistry of the future. 
 
Generally, however, the incorporation of a diphosphonate ligand acts as a tether between 
the molybdate clusters, and often formation of the pentanuclear cluster {Mo5O15(O3PR)2}
4- 
(Figure 1.5) is seen [78]. Added functionality is added to the material produced through 
modification of the diphosphonate tether, as well as introduction of a secondary metal and 
organo-nitrogen chelates [79-82]. 
 
Figure 1.5. The {Mo5O15(O3PR)
polyhedra), phosphorous (yellow polyhedra), oxygen (red spheres), carbon (black spheres)).
 
 
 The typical connectivity of the polyoxomolybdate organodiphosphonate system includes 
the molybdodiphosphonate clusters linked thr
{O3P(CH2)nPO3}
4- . This type of connectivity produces chains which are anionic, displayed in 
Figure 1.6 [81]. 
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2}
4- building block (color scheme: molybdenum (green 
ough organodiphosphonate ligands of the type 
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Figure 1.6. Typical one-dimensional chained formed from pentanuclear molybdate clusters and 
a diphosphonate ligand [81].  
 
 Different structure types can result based on the coordination of the secondary metal. The 
prototypical molybdodiphosphonate anionic chain can form with a cationic charge compensating 
unit, as seen in [Co(2,2’-bpy)3][Mo5O14(OH){HO3P(CH2)3PO3}][83], displayed in Figure 1.7. 
Conversely, instead of a specific cationic and anionic unit, the molybdophosphonate cluster can 
be decorated by the metal-organo-nitrogen unit, as encountered in [{Co2(o-phen)3(H2O)} 
Mo5O15{O3P(CH2)3PO3}] [83], displayed in Figure 1.8. Both of these structure motifs are 
represented in our studies.    
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Figure 1.7.  Mixed polyhedral and ball and stick representation of                                            
[Co(2,2’-bpy)3][Mo5O14(OH){HO3P(CH2)3PO3}] [83]. 
 
 
 
Figure 1.8. Mixed polyhedral and ball and stick representation of                                                  
[{Co2(o-phen)3(H2O)}Mo5O15{O3P(CH2)3PO3}] [83]. 
  
13 
 
1.5 The Oxovanadium Organodiphosphonate System 
 Another structurally diverse class of materials is the vanadium organo-diphosphonate 
system [11]. Specifically, the vanadium phosphate system of materials finds applications in 
catalysis, particularly in the selective air oxidation of butane to maleic anhydride by vanadyl 
pyrophosphate and vanadyl phosphate [84-87]. Moreover, due to the different geometries that the 
vanadium center can adopt- tetrahedral, octahedral, square pyramidal and trigonal bipyramidal-
along with different oxidation states, the materials produced in this system are diverse and 
unique in composition [88-91]. Just as seen in the metal(II) diphosphonate series, vanadium will 
generally form vanadium diphosphonate layers which are tethered into a three-dimensional 
framework forming a “pillared layer” structure. Figure 1.9(a) displays the structure of 
[H2N(CH2CH2)2NH2][V4O2F4(H2O)2{O3P(CH2)3PO3}2] [91] , which is built from vanadium 
phosphonate layers, displayed in Figure 1.9(b), tethered by the diphosphonate ligand into a 
three-dimensional “pillared layer” structure.  
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(a) 
 
(b) 
Figure 1.9. (a) Depiction of [H2N(CH2CH2)2NH2][V4O2F4(H2O)2{O3P(CH2)3PO3}2]. (b) View 
of the vanadium diphosphonate layer in [H2N(CH2CH2)2NH2][V4O2F4(H2O)2{O3P(CH2)3PO3}2] 
[91].  
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The plethora of vanadium diphosphonate materials which can be synthesized exhibit a 
wide array of structural diversity, from zero-(molecular), to one-, two- or three-dimensional 
materials [92-106]. Investigations into these materials has proved that the structural chemistry of 
the materials produced is quite complex, both in previous studies [92-106] and in the work 
presented herein.  
In order to provide structural diversity, and to avoid the prototypical “pillared layer” 
material, secondary metals along with organo-nitrogen chelates are added to the reaction 
mixture. The variations to the reaction conditions are numerous-the secondary metal used, the 
organ-nitrogen chelate ligand and the identity of the diphosphonate ligand. For example, in 
previous studies the vanadium/copper(II)/bisterpy (2,2′:4′,4″:2″,2-quaterpyridyl-6′,6″-di-2-
pyridine)/{O3P(CH2)nPO3}
4− (n = 1–5) system was investigated to yield various structure types 
based on the conditions used. The general motif as portrayed in 
[{Cu2(bisterpy)}V2F2O2{HO3PCH2PO3}{O3PCH2PO3}] (Figure 1.10) consists of vanadium 
phosphonate chains linked through the secondary metal-imine unit [107]. 
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Figure 1.10. Mixed polyhedral and ball and stick representation of 
[{Cu2(bisterpy)}V2F2O2{HO3PCH2PO3}{O3PCH2PO3}] [107]. 
 
However, other motifs displayed in this class of compounds also include clusters of 
vanadium atoms which are tethered by the diphosphonate ligand as well as the metal-imine unit, 
as seen in [{Cu2(bisterpy)}V2F2O2(H2O)2{HO3P(CH2)2PO3}2 (Figure 1.11). Surprisingly, the 
presence of vanadium can merely act to decorate a metal(II) diphosphonate chain, as displayed in 
[{Cu2(bisterpy)}V2F4O4{HO3P(CH2)2PO3H}] (Figure 1.12). These structural motifs are also 
present in our studies [107]. 
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Figure 1.11. Mixed polyhedral and ball and stick representation of 
[{Cu2(bisterpy)}V2F2O2(H2O)2{HO3P(CH2)2PO3}2 [107]. 
 
Figure 1.12. Mixed polyhedral and ball and stick representation of 
[{Cu2(bisterpy)}V2F4O4{HO3P(CH2)2PO3H}] [107]. 
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1.6 The Xylene Diphosphonic Acids 
 The chemistry of the α, ω-alkyldiphosphonates has been extensively studied [69-72]. 
However, the chemistry of the xylyldiphosphonates remains relatively unexplored. Three 
different xylyldiphosphonate ligands can be synthesized from their respective dibromide starting 
materials, using the synthetic method already published in literature[108]: 1,4-xylene 
diphosphonic acid, 1,3-xylene diphosphonic acid and 1,2-xylene diphosphonic acid (Figure 
1.13). 
 
 
Figure 1.13. The structures of 1,4-xylene diphosphonic acid, 1,3-xylene diphosphonic acid and 
1,2-xylene diphosphonic acid, respectively. 
 
 The unique characteristic about the xylyldiphosphonate ligands is that they have a free 
rotating methylene carbon atom, therefore, they can adopt different configurations. For example, 
the xylyldiphosphonate ligand can adopt to both the syn and anti configuration (Figure 1.14). 
Furthermore, other variations in the synthesis of MOFs with xylyldiphosphonic acids can lead to 
different protonation sites on the xylyl ligand. Due to the absence of systematic studies of these 
ligands in metal-organic frameworks and our continuing interest in diphosphonate ligands we 
decided to investigate the structural chemistry of the xylyldiphosphonate ligands with different 
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transition metal systems. Throughout our studies we have discovered that there are a variety of 
structural determinants, including not only reaction stoichiometries, reaction times, and pH but 
also the variable protonation of the diphosphonate: the ligand can be neutral, doubly 
deprotonated, fully deprotonated or even unsymmetrically protonated. The systems which we 
studied are highly diverse with dimensionalities ranging from molecular clusters, one-
dimensional chains, two-dimensional networks, three-dimensional frameworks and even virtual 
two-dimensional structures through hydrogen bonding.  
 
 
Figure 1.14. The syn and anti configuration of 1,4-xylenediphosphonate, respectively.  
 
1.7 Fluoride Incorporation 
The addition of HF into the reaction mixture is generally done to provide a mineralizer 
[109-113], and it was discovered that HF was needed for high quality crystals in the 
oxovanadium-organodiphosphonate system [91].  However, with increased concentrations 
fluoride can displace oxo groups in the structure produced. Our main initiative in the addition of 
fluoride is to examine the structural consequences of fluoride incorporation into the material 
produced. Because of the charge difference between an oxo group and a fluoride anion, the 
structure will have to compensate to produce a neutral material; this often results in unique 
structural chemistry [114-117]. 
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1.8 Use of Organoarsonate Ligands 
The successful use of phosphonate ligands in the synthesis of metal-organic frameworks 
[69-72, 92-106] logically leads one to employ arsonate ligands in place of phosphonate. Because 
arsenic sits directly below phosphorous in the periodic table it coordinates similarly in structures 
as phosphorous would. The difference is in its slightly larger size. In our studies we have 
furthered previous investigations on the molybdoarsonate family of compounds [109,118], and 
we have also preformed preliminary studies on the vanadium/metal(II)/organo-nitrogen 
chelate/organoarsonate family of compounds.  
 
1.9 Hydrothermal Synthesis 
The technique of hydrothermal synthesis has proven useful for the preparation of hybrid 
metal-organic frameworks [116-123]. The technique employs self-assembly of soluble reactants 
in the formation of the product. The reactions are carried out at temperatures ranging from 100°C 
to 200°C under autogeneous pressure higher than 1atm, under which conditions the reduced 
viscosity of water promotes crystal formation from solution. Both the increased temperature and 
pressure help in dissolving the reactants, thereby permitting the introduction of a range of 
inorganic and organic structure-directing or charge balancing components, no matter the 
solubility differences between the precursors. However, the conditions are mild enough to 
maintain the integrity of the structural elements of the reactants in the final products. Many 
reaction conditions can be varied including the temperature, identity and ratios of the reactants, 
pH, crystallization time and addition of additives.      
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1.10 General Research Considerations 
This work encompasses a comprehensive investigation of the synthesis and structures of 
several systems using xylyldiphosphonate ligands. The first investigations included the metal(II) 
compositions of copper, nickel, cobalt, manganese, zinc and cadmium. From there, more 
complex systems of the oxomolybdenum/metal(II)/xylyldiphosphonate/organo-nitrogen chelate 
and the oxovanadium/metal(II)/xylyldiphosphonate/organo-nitrogen chelate family of materials 
were studied. To expand our research, we then moved to looking at organoarsonate ligands, 
adding to the structural chemistry of the oxomolybdenum/metal(II)/organoarsonate/organo-
nitrogen chelate and the oxovanadium/metal(II)/organoarsonate/organo-nitrogen chelate families 
of materials.  
Throughout these studies a number of hybrid metal-organic materials were synthesized 
with various anionic units and secondary metal-ligand units incorporating both binucleating and 
mulitnucleating secondary ligands. Besides the determination of the structural chemistry, the 
materials were also analyzed for thermal and magnetic properties. Throughout the studies of 
these materials, a number of structural determinants were observed, including the structural 
effects from the type of diphosphonate (ortho, meta or para-xylyldiphosphonate) or 
organoarsonate ligand used, variable protonation of the diphosphonate or arsonate ligand, the 
coordination of the secondary nitrogen chelate, the consequence of fluoride incorporation and the 
oxidation state of the secondary metal cation. Furthermore, the identity of the product may be 
influenced by the variation in hydrothermal reaction conditions. Such variations include 
temperature, pH, duration of reaction, reactant stoichiometries and the use of mineralizing 
agents.        
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The examination of the synthetic conditions necessary for the development of hybrid 
organic-inorganic materials is vital to understand how these compounds are constructed in situ. If 
our understanding is sufficient that we can control structural aspects of the final material 
produced, this will lead to the possibility of predicting the outcome of these syntheses, and 
therefore, will result in the intentional exploitation of properties for particular applications.    
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Chapter 2 
 
Metal-Organophosphonate Chemistry: Hydrothermal Syntheses 
and Structures of Copper(II) Xylyldiphosphonates with Organo-
nitrogen Co-ligands 
 
The material contained within this chapter is published in Inorganica Chimica Acta (Smith, T. 
M., Vargas, J., Symester, D., Tichenor, M., O'Connor, C. J., Zubieta, J., Inorg. Chim. Acta 2013, 
403, 63). Images and content within this chapter has been reproduced with permission from 
Elsevier. 
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2.1 Introduction 
 The first reported phosphonate materials, namely zirconium phenylphosphonates, were 
reported in the 1970s [1-2] and was soon followed by the work of Clearfield, Bujoli and Mallouk 
[3-9]. Metal phosphonate materials are very interesting in that they display unusual structural 
diversity [10-11]. They exhibit three-dimensional frameworks [12-14], pillared layer materials 
[15-18], molecular clusters, along with layered networks and one-dimensional chains [19-25]. 
The introduction of organo-imine structure directing units into metal-diphosphonate systems 
further complicates the structural chemistry [19-25].  
 Both the length and the identity of the tethering group in an organo-diphosphonate ligand 
influence the structure drastically. In the oxovanadium diphosphonate system, with the general 
formulation [V2O2(H2O)x{O3P(CH2)nPO3}]·xH2O, three different structure types are exhibited 
based on the tether length of the diphosphonate ligand [26]. Furthermore, the type of tether used-
whether aliphatic or aromatic- will affect the structure produced [27]. Similar results are seen in 
the oxomolybdenum organo-diphosphonate system of compounds [28]. 
 A significant subclass of diphosphonate metal-organic frameworks are copper 
diphosphonate materials. Copper diphosphonate materials have been synthesized with both 
aliphatic [29-30] and aromatic linkers [31-34] between ligating groups. While the parent 
structure of these materials is the “pillared layer” structure, the structural chemistry can be 
readily expanded by the introduction of organo-nitrogen chelating ligands [35-40].  
 Previous research has reported on the Cu/ligand/phenyl diphosphonate system (where 
ligand = 2,2’-bipyridine (2,2’-bpy), o-phenanthroline (o-phen) and 2,2’:6,2’-terpyridine (terpy)) 
[41], and in an attempt to expand upon this chemistry it was decided to look at a more flexible 
type of aromatic diphosphonate ligand, xylyl diphosphonate.  The –CH2PO3
2- group can be 
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placed in three positions on the aromatic ring, forming ortho-, meta-, or para-xylene 
diphosphonic acid. The position of the phosphate group on the aromatic ring can have a large 
effect on the ultimate structure produced. This work reports on the structures of the parent 
compound, [Cu2(H2O)2(1,4-O3PC8H8PO3)] (1); the o-phenanthroline derivatives: [Cu(H2O)(o-
phen)(1,4-HO3PC8H8PO3H)]·3H2O (2·3H2O), [Cu2(H2O)2(o-phen)2(1,4-O3PC8H8PO3)]·6H2O 
(3·6H2O), [Cu(o-phen)(1,4-HO3PC8H8PO3H)]·3H2O (4·3H2O), [Cu(o-phen)(1,2-
HO3PC8H8PO3H)] (5), and [Cu(o-phen)(1,3-HO3PC8H8PO3H)] (6); the 2,2′-bipyridine 
derivatives: [Cu2(H2O)2(2,2’-bpy)2(1,4-HO3PC8H8PO3H2)2(1,4-HO3PC8H8PO3H)]·H2O (7·H2O); 
[Cu(2,2’-bpy)(1,4-HO3PC8H8PO3H)]·2H2O (8·2H2O), and [Cu(2,2’-bpy)(1,3-HO3PC8H8PO3H)] 
(9); the tetra-2-pyridinylpyrazine materials: [Cu2(H2O)2(tpyprz)(1,4-HO3PC8H8PO3H)2]·(1,4-
H2O3PC8H8PO3H2)2·2H2O (10·(1,4-H2O3PC8H8PO3H2)2·2H2O), [Cu2(tpyprz)(1,2-
HO3PC8H8PO3H)2]·2H2O (11·2H2O), and [Cu4Cl4(tpyprz)2(1,4-H2O3PC8H8PO3H)2]Cl2·1,4-
H2O3PC8H8PO3H2·8H2O (12·1,4-H2O3PC8H8PO3H2·8H2O); and the 2,2′-dipyridylamine 
compound [Cu(2,2’-dpa)(1,3-HO3PC8H8PO3H)] (13).  
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2.2 Experimental Section 
All chemicals were used as obtained without further purification with the exception of 
para-xylene diphosphonic acid, ortho-xylene diphosphonic acid and meta-xylene diphosphonic 
acid which were synthesized in a similar fashion to the method published in literature using their 
respective dibromide starting materials [42].  Copper(II) acetate monohydrate (98%), copper(II) 
chloride dihydrate (97%), sodium orthovanadate (99.98%), 2,2′-bipyridine (99%), 1,10-
phenanthroline (99%), tetra-2-pyridinylpyrazine (97%), 2,2’-dipyridylamine (99%), sodium 
hydroxide (99.99%), and hydrofluoric acid (48 wt. % in H2O) were all purchased from Sigma-
Aldrich.  All syntheses were carried out in 23-mL poly(tetrafluoroethylene)-lined stainless steel 
containers under autogeneous pressure.  The pH of the solutions were measured prior to and after 
heating using pHydrion vivid 1-11® pH paper.  Water was distilled above 3.0MΩ in-house using 
a Barnstead Model 525 Biopure Distilled Water Center.  
 
2.2.1 Synthesis of [Cu2(H2O)2(1,4-O3PC8H8PO3)] (1)  
A solution of copper(II) chloride dihydrate (0.0714g, 0.42mmol), 1,10-phenanthroline 
(0.0392g, 0.22mmol), p-xylene-diphosphonic acid (0.080g, 0.30mmol), H2O (10mL, 556mmol) 
and HF (500µL, 14.5mmol) with the mole ratio of 1:0.52:0.71:1324:34.5  was stirred briefly 
before heating to 100°C for 48 hours.  The initial and final pH values were 1 and 1, respectively.  
Blue-green blocks suitable for X-Ray diffraction were isolated in 20% yield.  IR (KBr pellet,  
cm-1): 3232(m), 3055(m), 1560(m), 1509(m), 1409(w), 1256(w), 1141(w), 1105(m), 1042(s), 
984(s), 857(s), 510(s), 512(s). Anal. Calc. for C4H6CuO4P: C, 22.6; H, 2.82; Found: C, 22.5; H, 
2.93%. 
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2.2.2 Synthesis of [Cu(H2O)(o-phen)(1,4-HO3PC8H8PO3H)]·3H2O (2·3H2O)  
A solution of copper(II) chloride dihydrate (0.0714g, 0.42mmol), 1,10-phenanthroline 
(0.0392g, 0.22mmol), p-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 
556mmol) with the mole ratio of 1:0.52:0.71:1324  was stirred briefly before heating to 120°C 
for 48 hours.  The initial and final pH values were 1 and 1, respectively.  Blue blocks suitable for 
X-Ray diffraction were isolated in 30% yield.  IR (KBr pellet, cm-1): 3568(w), 3483(m), 
3150(m), 3084(m), 2368(w), 2344(w), 1654(m), 1584(w), 1517(w), 1430(m), 1265(s), 1197(w), 
1157(s), 1106(s), 1045(s), 940(s), 887(S), 852(m), 724(m), 550(s, 475(w). Anal. Calc. for 
C40H52Cu2N4O20P4: C, 41.4; H, 4.48; N, 4.83. Found: C, 41.5; H, 4.35; N, 4.68%.    
 
2.2.3 Synthesis of [Cu2(H2O)2(o-phen)2(1,4-O3PC8H8PO3)]·6H2O (3·6H2O)  
A solution of copper(II) chloride dihydrate (0.0714g, 0.42mmol), 1,10-phenanthroline 
(0.0392g, 0.22mmol), p-xylene-diphosphonic acid (0.080g, 0.30mmol), H2O (10mL, 556mmol) 
and 6M NaOH (200µL, 1.2mmol) with the mole ratio of 1:0.52:0.71:1324:2.9 was stirred briefly 
before heating to 120°C for 48 hours.  The initial and final pH values were 6 and 5, respectively.  
Blue rods suitable for X-Ray diffraction were isolated in 5% yield.  IR (KBr pellet, cm-1): 
3496(m), 3366(m), 3253(m), 3078(m), 3055(m), 3008(m), 1642(m), 1625(m), 1580(w), 
1510(m), 1427(s), 1152(s), 1150(s), 1097(s), 1046(s), 1010(s), 920(s), 858(s), 788(m), 737(w), 
722(s), 570(s). Anal. Calc. for C16H20CuN2O7P: C, 43.0; H, 4.51; N, 6.27. Found: C, 42.6; H, 
4.27; N, 6.33%. 
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2.2.4 Synthesis of [Cu(o-phen)(1,4-HO3PC8H8PO3H)]·3H2O (4·3H2O)  
A solution of copper(II) chloride dihydrate (0.0714g, 0.42mmol), 1,10-phenanthroline 
(0.0392g, 0.22mmol), p-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 
556mmol) with the mole ratio of 1:0.52:0.71:1324 was stirred briefly before heating to 150°C for 
48 hours.  The initial and final pH values were 1 and 1, respectively.  Blue blocks suitable for X-
Ray diffraction were isolated in 50% yield.  IR (KBr pellet, cm-1): 3239(m), 3056(m), 1654(w), 
1583(w), 1428(m), 1410(m), 1257(m), 1120(s), 1105(s), 1105(s), 1046(s), 950(s), 854(s), 724(s), 
562(s). Anal. Calc. for C20H24CuN2O9P2: C, 42.7; H, 4.27; N, 4.98. Found: C, 42.6; H, 4.19; N, 
5.11%. 
 
2.2.5 Synthesis of [Cu(o-phen)(1,2-HO3PC8H8PO3H)] (5)   
A solution of copper(II) chloride dihydrate (0.0714g, 0.42mmol), 1,10-phenanthroline 
(0.0392g, 0.22mmol), o-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (5mL, 
278mmol) with the mole ratio of 1:0.52:0.71:662 was stirred briefly before heating to 135°C for 
48 hours.  The initial and final pH values were 2 and 1, respectively. Blue blocks suitable for X-
Ray diffraction were isolated in 80% yield.  IR (KBr pellet, cm-1): 3214 (m0, 3054(m), 1702(w), 
1583(m), 1422(s), 1134(w), 1107(s), 1065(s), 1027(s), 941(s), 872(s), 851(s), 788(s), 722(s), 
587(s), 543(s), 521(s). Anal. Calc. for C20H18CuN2O6P2: C, 47.3; H, 3.54; N, 5.51. Found: C, 
47.0; H, 3.24; N, 5.40%.  
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2.2.6 Synthesis of [Cu(o-phen)(1,3-HO3PC8H8PO3H)] (6)  
A solution of copper(II) chloride dihydrate (0.0714g, 0.42mmol), 1,10-phenanthroline 
(0.0392g, 0.22mmol), m-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 
556mmol) with the mole ratio of 1:0.52:0.71:1324 was stirred briefly before heating to 120°C for 
72 hours.  The initial and final pH values were 1 and 1, respectively.  Green blocks suitable for 
X-Ray diffraction were isolated in 85% yield.  IR (KBr pellet, cm-1): 3429(w), 3064(w), 
2909(w), 2366(w), 2344(w), 1605(w), 1584(w), 1519(w), 1488(w), 1429(m), 1296(w), 1225(m), 
1161(s), 1137(s), 1107(m). Anal. Calc. C20H18CuN2O6P2: C, 47.3; H, 3.54; N, 5.51. Found C, 
47.2; H, 3.46; N, 5.44%.  
 
2.2.7 Synthesis of [Cu2(H2O)2(2,2’-bpy)2(1,4-HO3PC8H8PO3H2)2(1,4-
HO3PC8H8PO3H)]·2H2O (7·2H2O) 
A solution of copper(II) acetate monohydrate (0.0634g, 0.32mmol), 2,2’-bipyridine 
(0.034g, 0.22mmol), p-xylene-diphosphonic acid (0.080g, 0.30mmol), H2O (10mL, 556mmol) 
and HF (500µL, 14.5mmol) with the mole ratio of  1:0.69:0.94:1738:45 was stirred briefly 
before heating to 120°C for 72 hours.  The initial and final pH values were 1 and 1, respectively.  
Blue blocks suitable for X-Ray diffraction were isolated in 90% yield. IR (KBr pellet, cm-1): 
3409(s), 3092(m), 2902(m), 2344(w), 1663(w), 1607(s), 1569(w), 1473(w), 1446(m), 1300(s), 
1104(s), 1097(m), 1059(m), 856(m), 768(m), 728(m), 562(s), 475(m). Anal. Calc. for 
C22H28CuN2O11P3: C, 40.5; H, 4.32; N, 4.29. Found: C, 40.4; H, 4.19; N, 4.16%. 
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2.2.8 Synthesis of [Cu(2,2’-bpy)(1,4-HO3PC8H8PO3H)]·2H2O (8·2H2O)   
A solution of copper(II) acetate monohydrate (0.0634g, 0.32mmol), sodium 
orthovanadate (0.058g, 0.32mmol),  2,2’-bipyridine (0.034g, 0.22mmol), p-xylene-diphosphonic 
acid (0.080g, 0.30mmol), H2O (10mL, 556mmol) and HF (500µL, 14.5mmol) with the mole 
ratio of  1:1:0.69:0.94:1738:45 was stirred briefly before heating to 120°C for 72 hours.  The 
initial and final pH values were 1 and 1, respectively.  Blue blocks suitable for X-Ray diffraction 
were isolated in 90% yield.  IR (KBr pellet, cm-1): 3447(w), 3150(m), 3090(w), 2902(w), 
2361(s), 2342(s), 1602(s), 1560(w), 1510(w), 1444(s), 1251(s), 1203(s), 1056(s), 1010(s), 
942(s), 857(m), 769(s), 729(m), 640(m), 563(s), 487(m). Anal. Calc. for C18H22CuN2O8P2: C, 
41.5; H, 4.23; N, 5.39. Found: C, 41.8; H, 4.44; N, 5.1%.  
 
2.2.9 Synthesis of [Cu(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (9) 
A solution of copper(II) chloride dihydrate (0.0714g, 0.42mmol), 2,2’-bipyridine (0.040g, 
0.26mmol), m-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 556mmol) with 
the mole ratio of 1:0.62:0.71:1324  was stirred briefly before heating to 120°C for 72 hours.  The 
initial and final pH values were 1 and 1, respectively.  Green plates suitable for X-Ray 
diffraction were isolated in 5% yield.  IR (KBr pellet, cm-1): 3448(s), 2951(m), 2919(m), 
1475(w), 1458(w), 1226(m), 1120 (s), 1065(w), 1031(w), 939(m), 905(m), 779(m), 704(m), 
518(m). Anal. Calc. for C18H18CuN2O6P2: C, 44.6; H, 3.72; N, 5.39. Found: C, 44.8; H, 3.44; N, 
5.81%. 
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2.2.10 Synthesis of [Cu2(H2O)2(tpyprz)(1,4-H2O3PC8H8PO3H)2(1,4-
HO3PC8H8PO3H)]·1,4-H2O3PC8H8PO3H2·2H2O (10·1,4-H2O3PC8H8PO3H2·2H2O) 
and [Cu4(Cl)4(tpyprz)2(1,4-H2O3PC8H8PO3H)2]Cl2·1,4-H2O3PC8H8PO3H2·8H2O 
(12·1,4-H2O3PC8H8PO3H2·8H2O)  
A solution of copper(II) chloride dihydrate (0.0714g, 0.42mmol), tetra-2-
pyridinylpyrazine (0.085g, 0.22mmol), p-xylene-diphosphonic acid (0.080g, 0.30mmol), and 
H2O (10mL, 556mmol) with the mole ratio of 1:0.52:0.71:1324  was stirred briefly before 
heating to 120°C for 72 hours and allowing the solvent to evaporate.  The initial and final pH 
values were 2 and 1, respectively.  Light green (10·1,4-H2O3PC8H8PO3H2·2H2O) and dark green 
(12·1,4-H2O3PC8H8PO3H2·8H2O) blocks suitable for X-Ray diffraction were isolated in 5% and 
15% yield, respectively.  IR (KBr pellet, cm-1): (10·1,4-H2O3PC8H8PO3H2·2H2O) 3725(m), 
3428(m), 3100(m), 2344(m), 1655(w), 1599(w), 1509(m), 1478(m), 1428(m), 1310(w), 1099(s), 
1070(m), 1019(m), 936(s), 801(m), 711(w), 574(m), 507(w). (12·1,4-H2O3PC8H8PO3H2·8H2O) 
3422 (m), 3087(w), 2906(w), 2379(w), 2278(w), 1476(m), 1424(s), 12614(m), 1235(m), 
1216(m), 1159(m), 1109(m), 1053(m), 1021(s), 1003(s), 936(s), 785(s), 563(s). Anal. Calc. for 
10·1,4-H2O3PC8H8PO3H2·2H2O: C28H34CuN3O14P4: C, 40.8; H, 4.13; N, 5.10. Found: C, 40.7; 
H, 4.06; N, 5.21%. Anal. Calc. for 12·1,4-H2O3PC8H8PO3H2·8H2O: C72H82Cl6Cu4N12O26P6: C, 
39.6; H, 3.78; N, 7.70. Found: C, 39.7; H, 3.86; N, 7.55%. 
 
 
 
 
40 
 
2.2.11 Synthesis of [Cu2(tpyprz)(1,2-HO3PC8H8PO3H)2]·2H2O (11·2H2O)   
A solution of copper(II) acetate monohydrate (0.084g, 0.421mmol), tetra-2-
pyridinylpyrazine (0.085g, 0.22mmol), o-xylene-diphosphonic acid (0.080g, 0.30mmol), and 
H2O (10mL, 556mmol) with the mole ratio of 1:0.52:0.71:1321 was stirred briefly before heating 
to 120°C for 72 hours.  The initial and final pH values were 4 and 4, respectively.  Green rods 
suitable for X-Ray diffraction were isolated in 80% yield.  IR (KBr pellet, cm-1): 3435(m), 
3077(w), 2914(w), 2892(w), 2367(w), 2344(w), 1601(m), 1477(m), 1419(m), 1304(w), 1259(m), 
1165(m), 1113(s), 1067(s), 1022(m), 903(s), 786(s), 711(m), 576(m), 526(m), 483(m). Anal. 
Calc. for C40H40Cu2N6O14P4: C, 44.5; H, 3.73; N, 7.78. Found: C, 43.9; H, 3.56; N, 7.66%. 
 
2.2.12 Synthesis of [Cu(2,2’-dipyidylamine)(1,3-HO3PC8H8PO3H)] (13)   
A solution of copper(II) acetate monohydrate (0.094g,0.47mmol), 2,2’-dipyridylamine 
(0.074g,0.432mmol), m-xylene diphosphonic acid (0.152g,0.57mmol), (10mL, 556mmol) and 
HF (500µL, 14.5mmol) with the mole ratio of 1:0.92:1.2:1183:30.8 was stirred briefly before 
heating to 135°C for 48 hours. The initial and final pH values were 1 and 1, respectively. Green 
rods suitable for X-Ray diffraction were isolated in 90% yield. IR (KBr pellet, cm-1): 3434(m), 
2920(w), 2366(w), 2344(w), 1605(m), 1585(w), 1533(w), 1490(s), 1435(m), 1233(w), 1159(s), 
1122(m), 1100(s), 948(m), 805(w), 765(m), 705(m), 530(w), 203(m), 465(w). Anal. Calc. for 
C36H38Cu2N6O12P4: C, 43.3; H, 3.84; N, 8.42. Found: C, 42.7; H, 3.76; N, 8.22%.  
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2.2.13 X-Ray Crystallography  
Crystallographic data for compounds all compounds were collected on a Bruker KAPPA 
APEX DUO diffractometer using Mo-Kα radiation (λ = 0.71073Å) containing an APEX II CCD 
system [43]. All data collections were taken at low temperature (90K).  The data were corrected 
for Lorentz and polarization effects [44], and adsorption corrections were made using SADABS 
[45].  Structures were solved by direct methods.  Refinements for each structure were carried out 
using the SHELXTL crystallographic software [46].  Following assigning all non-hydrogen 
atoms, the models were refined against F2 first using isotropic and then using anisotropic thermal 
displacement parameters.  The hydrogen atoms were introduced in calculated positions and then 
refined isotropically.  Neutral atom scattering coefficients along with anomalous dispersion 
corrections were taken from the International Tables, Vol. C.  Images of the crystal structures 
were generated using CrystalMaker® [47]. Crystallographic details for the structures of 1-13 are 
summarized in Table 2.1. Selected bond lengths and angles for structures 1-13 are displayed in 
Table 2.1. 
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Table 2.2. Selected bond lengths (Å) and angles (°) for the compounds of this study. 
 
[Cu2(H2O)2(1,4-O3PC8H8PO3)] (1)    
Cu1 O3  
Cu1 O4  
Cu1 O2  
Cu1 O1  
Cu1 O4  
P1 O2  
P1 O3  
P1 O4  
1.917(2) 
1.952(2) 
1.975(2) 
2.010(2) 
2.351(2) 
1.534(2) 
1.536(2) 
1.540(2) 
 
O3 Cu1 O4  
O2 Cu1 O1  
O3 Cu1 O4  
163.02(8) 
170.55(8) 
107.63(7)   
[Cu(H2O)(o-phen)(1,4-HO3PC8H8PO3H)] ·3H2O 
(2·3H2O) 
   
Cu1 O4  
Cu1 O2  
Cu1 N1  
Cu1 N2  
Cu1 O1  
P1 O4  
P1 O2  
P1 O3(H)  
P2 O7  
P2 O5  
P2 O6(H) 
1.930(2) 
1.935(2) 
2.004(2) 
2.014(2) 
2.233(2)   
1.507(2) 
1.512(2) 
1.571(2) 
1.497(2) 
1.502(2) 
1.587(2) 
 
O4 Cu1 N1  
O2 Cu1 N2  
 
170.80(7) 
165.99(7) 
[Cu2(H2O)2(o-phen)2(1,4-O3PC8H8PO3)] ·6H2O 
(3·6H2O) 
   
Cu1 O1  
Cu1 O3  
Cu1 N2  
Cu1 N1  
Cu1 O2  
P1 O4  
P1 O1  
P1 O3  
1.924(2) 
1.931(2) 
2.026(2) 
2.038(2) 
2.265(2) 
1.502(2) 
1.528(2) 
1.538(2) 
 
 
 
O1 Cu1 N2  
O3 Cu1 N1  
O3 Cu1 O2  
 
165.75(17) 
166.90(17)   
102.68(16) 
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[Cu(o-phen)(1,4-HO3PC8H8PO3H)] ·3H2O 
(4·3H2O) 
   
Cu1 O3  
Cu1 O1  
Cu1 N2  
Cu1 N1  
Cu1 O2  
P1 O3  
P1 O1  
P1 O4(H)  
P2 O2  
P2 O6  
P2 O5(H)  
1.943(2) 
1.965(2) 
2.011(2) 
2.030(2) 
2.220(2) 
1.512(2) 
1.513(2) 
1.569(2) 
1.507(2) 
1.513(2) 
1.582(2) 
 
O3 Cu1 N2  
O1 Cu1 N1  
 
168.15(7) 
163.02(7) 
[Cu(o-phen)(1,2-HO3PC8H8PO3H)] (5)    
Cu1 O4  
Cu1 O2  
Cu1 N1  
Cu1 N2  
Cu1 O1  
P1 O4  
P1 O2  
P1 O3(H)  
P2 O1  
P2 O5  
P2 O6(H) 
1.943(2) 
1.989(2) 
2.045(2)   
2.050(2)   
2.154(2) 
1.508(2) 
1.529(2) 
1.566(2) 
1.502(2) 
1.512(2) 
1.599(2) 
 
O4 Cu1 N1 
O2 Cu1 N2 
O2 Cu1 O1  
N1 Cu1 O1  
N2 Cu1 O1  
157.54(8) 
158.68(7) 
100.29(7) 
102.89(7) 
100.57(7) 
 
 
[Cu(o-phen)(1,3-HO3PC8H8PO3H)] (6)    
Cu1 O2  
Cu1 O1  
Cu1 N2  
Cu1 N1  
Cu1 O3  
P1 O2  
P1 O3  
P1 O4(H)  
P2 O5  
P2 O1  
P2 O6(H)  
1.912(2) 
1.948(2) 
2.011(2) 
2.028(2) 
2.238(2) 
1.513(2) 
1.517(2) 
1.570(2) 
1.505(2) 
1.511(2) 
1.580(2) 
O2 Cu1 N2  
O1 Cu1 N1  
O1 Cu1 O3  
 
170.28(5) 
148.31(5) 
111.94(5) 
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[Cu2(H2O)2(2,2’-bpy)2(1,4-HO3PC8H8PO3H2)2 
(1,4-HO3PC8H8PO3H)] ·2H2O (7·2H2O) 
   
Cu1 O3  
Cu1 N1  
Cu1 N2  
Cu1 O1  
P1 O2  
P1 O6  
P1 O7(H)  
P2 O3  
P2 O5  
P2 O4  
P3 O8  
P3 O10*  
P3 O9*  
1.969(2) 
2.007(2) 
2.015(2) 
2.217(2) 
1.494(2) 
1.528(2) 
1.562(2) 
1.523(2) 
1.533(2) 
1.534(2) 
1.480(2) 
1.528(2) 
1.717(2) 
 
 
O3 Cu1 N1  
 
167.02(6) 
[Cu(2,2’-bpy)(1,4-HO3PC8H8PO3H)] ·2H2O 
(8·2H2O) 
   
Cu1 O2  
Cu1 O1  
Cu1 N1  
Cu1 N2  
Cu1 O3  
P1 O3   
P1 O6  
P1 O5  
P2 O1  
P2 O2  
P2 O4(H)  
1.946(2) 
1.965(2)    
2.000(2) 
2.006(2)  
2.266(2)   
1.517(2)   
1.537(2) 
1.545(2) 
1.516(2)  
1.516(2)  
1.566(2) 
 
O2 Cu1 N1  
O1 Cu1 N2  
N1 Cu1 O3  
 
164.04(15) 
166.11(15) 
101.93(14) 
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[Cu(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (9)   
Cu1 O2  
Cu1 O3  
Cu1 N2  
Cu1 N1  
Cu1 O1  
P1 O2  
P1 O1  
P1 O6(H)  
P2 O4  
P2 O3  
P2 O5(H)  
1.916(2) 
1.947(2) 
2.003(2) 
2.017(2) 
2.294(2) 
1.517(2) 
1.522(2) 
1.570(2) 
1.506(2) 
1.515(2) 
1.580(2) 
 
 
 
 
O2 Cu1 N2 
O3 Cu1 N1 
O3 Cu1 O1  
171.78(5) 
150.33(6) 
111.67(5) 
[Cu2(H2O)2(tpyprz)(1,4-H2O3PC8H8PO3H)2 
(1,4-HO3PC8H8PO3H)]·(1,4-
H2O3PC8H8PO3H2)2·2H2O (10·(1,4-
H2O3PC8H8PO3H2)2·2H2O) 
   
Cu1 O3 
Cu1 O2  
Cu1 N2  
Cu1 N3  
Cu1 N1  
Cu1 O1  
P1 O2  
P1 O6  
P1 O7(H)  
P2 O9  
P2 O8  
P2 O10(H)   
P3 O3  
P3 O5  
P3 O4(H)   
P4 O11  
P4 O12  
P4 O13(H)  
2.588(2) 
1.904(2) 
1.957(2) 
2.026(2) 
2.049(2)   
2.244(2)   
1.518(2)   
1.526(2) 
1.563(2)   
1.497(2)   
1.543(2)   
1.564(2) 
1.514(2)   
1.516(2)   
1.573(2) 
1.480(2)   
1.555(2)   
1.561(2)   
        
O2 Cu1 N2  
O2 Cu1 N1  
N3 Cu1 N1  
 
172.87(7) 
101.70(7) 
159.12(7) 
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[Cu2(tpyprz)(1,2-HO3PC8H8PO3H)2] ·2H2O 
(11·2H2O) 
Cu1 O1  
Cu1 N2  
Cu1 N3  
Cu1 N1  
Cu1 O2  
P1 O1  
P1 O6  
P1 O5  
P2 O2  
P2 O3  
P2 O4  
1.892(2)         
1.971(2)         
2.009(2)         
2.024(2)   
2.112(2)         
1.508(2)         
1.525(2)         
1.528(2)         
1.493(2)         
1.533(2)         
1.535(2)   
 
   
O1 Cu1 N2  
O1 Cu1 N1  
N3 Cu1 N1  
O1 Cu1 O2  
 
164.12(6) 
101.87(8) 
152.67(7) 
105.10(7) 
[Cu4Cl4(tpyprz)2(1,4-H2O3PC8H8PO3H)2]Cl2 
·1,4-H2O3PC8H8PO3H2·8H2O (12·1,4-
H2O3PC8H8PO3H2·8H2O) 
   
Cu1 N2  
Cu1 N3  
Cu1 N1  
Cu1 Cl1  
Cu1 O2  
Cu2 N5  
Cu2 N4  
Cu2 N6  
Cu2 Cl2  
Cu2 O1  
P1 O2  
P1 O3  
P1 O1(H)   
P2 O4*  
P2 O6*  
P2 O5  
P3 O9  
P3 O8  
P3 O7(H)  
1.971(2)         
2.021(2)  
2.025(2)   
2.216(2)         
2.263(2)   
1.948(2)   
2.013(2)    
2.021(2)  
2.199(2)         
2.324(2) 
1.522(2)   
1.530(2)   
1.563(2) 
1.535(2)  
1.522(2)   
1.559(2)   
1.503(2)   
1.529(2)  
1.568(2) 
 
N3 Cu1 N1  
N2 Cu1 Cl1  
Cl1 Cu1 O2  
N4 Cu2 N6  
N5 Cu2 Cl2 
N6 Cu2 Cl2 
Cl2 Cu2 O1  
157.78(16) 
166.28(12) 
103.59(9) 
159.34(17) 
164.85(13) 
100.61(12) 
106.35(9) 
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[Cu(2,2’-dipyidylamine)(1,3-HO3PC8H8PO3H)] 
(13)   
Cu1 O2  
Cu1 O1  
Cu1 N3  
Cu1 N1  
P1 O2  
P1 O1  
P1 O3(H)  
P2 O4  
P2 O6  
P2 O5(H)  
1.911(2) 
1.922(2) 
1.966(2) 
1.977(2)   
1.514(2) 
1.518(2) 
1.567(2) 
1.490(2) 
1.529(2) 
1.582(2) 
O1 Cu1 N3  
O2 Cu1 N1  
 
153.60(8) 
150.28(8) 
*Indicates disordered oxygen atom. 
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2.2.14 Magnetism 
Magnetic measurements were performed on a Quantum Design SQUID, MPMS-XL 
magnetometer. Magnetic susceptibility measurements for the complexes of this study were 
carried out in the direct current (dc) mode in an applied field of 0.1 T in the 2–300 K range. The 
measurements were performed on polycrystalline samples of compound at 1000 Oe. Magnetic 
data obtained for samples were corrected for diamagnetic contributions by the use of the Pascal 
constants. 
 
2.2.15 Thermal Gravimetric Analysis 
TGA data were collected on a TA instruments Q500 v6.7 Thermogravimetric Analyzer. 
Data was collected on samples that ranged between 5 and 10 mg, ramping the temperature at 
10°C/minute between 25°C to 800°C. 
 
2.3 Results and Discussion 
 
 2.3.1 Synthesis and Infrared Spectroscopy 
Structures (1)-(13) were all synthesized through hydrothermal  methods.  All structures 
share the same common feature of phosphonate groups (RPO3), which give IR bands between 
1000-1200cm-1[48].  In structures 2, 3, 4, 7, 8, 10, 11 and 12 where coordinated water is present, 
there is a corresponding band around 3100cm-1. 
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2.3.2 X-Ray Structures 
The structure of 1, [Cu2(H2O)2(1,4-O3PC8H8PO3)], exhibits the characteristic pillared 
layer structure, which is common in metal-diphosphonate structures [49-50]. Each copper(II) 
atom is 5-coordinate and displays a square pyramidal geometry. Each [Cu(H2O)O4] unit is 
coordinated to four phosphorous tetrahedra, forming a 2-D copper phosphonate layer, as shown 
in Figure 2.1. The inorganic layer is defined as [Cu2(H2O)2(O3P-)]n, with a building block of 
binuclear edge-sharing copper(II) units which are linked to adjacent binuclear units through 
(O3P-). These copper diphosphonate layers are then linked to one another through 1,4-
xylyldiphosphonate, forming a three-dimensional structure, as shown in Figure 2.2. This 
structure displays the common secondary building unit, [Cu2(O,O’-phosphonate)2]. 
 
 
 
Figure 2.1. Polyhedral representation of the copper diphosphonate layer in 
O3PC8H8PO3)] (1). Hydrogen atoms are not shown for clarity 
otherwise noted: copper (blue polyhedra), phosphorous (yellow polyhedra), 
spheres), carbon (black spheres)).
 
 
53 
[Cu2(H
(Color scheme same for all unless 
oxygen (red 
 
 
2O)2(1,4-
 
Figure 2.2. Mixed polyhedral and ball and stick representation of the pillared layer structure of 
[Cu2(H2O)2(1,4-O3PC8H8PO3)] (
 
 In stark contrast to the structure of 
reaction mixture, the dimensionality of the structure is ultimately reduced.  With the organo
nitrogen ligand of 1,10-phenanthroline, the molecular structure of 
one-dimensional chain structures of 
 The structure of [Cu(H2O)(o
molecular unit constructed from binuclear 
Figure 2.3. Each copper atom is coordinated to two nitrogen atoms from 1,10
coordinated water molecule and two oxygen atoms from the diphosphonate ligand. The structure 
exhibits the common [Cu2(O,O’-
diphosphonate ligand is coordinated to the copper dimeric unit, whereas, the other terminus is 
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1). Hydrogen atoms are not shown for clarity. 
1, when an organo-nitrogen ligand is added to the 
2 is produced, along with the 
3-6.  
-phen)(1,4-HO3PC8H8PO3H)]·3H2O (2·3H2O )
copper(II) distorted square pyramids, as shown in 
-phenanthroline, a 
phosphonate)2] secondary building unit. One terminus of the 
 
-
 is a 
 
uncoordinated. Each phosphonate terminus has a protonated oxygen atom, as indicated by the 
bond length. The protonated P-O(H) bond lengths are 1.588(2)Å and 1.571(2)Å, whereas the 
average P-O bond length in the structure is 1.505(3)Å.  
 
Figure 2.3. Mixed polyhedral and ball and stick representation of the molecular structure of 
[Cu(H2O)(o-phen)(1,4-HO3PC8H
crystallization are not shown for clarity (Color scheme: same as above with nitrogen (blue 
spheres)). 
 
 The structure of [Cu2(H2O)
dimensional chain, as shown in Figure 2.4
[Cu2(O,O’-phosphonate)2] secondary building unit. These secondary building units are tethered 
together by 1,4-xylyldiphosphonate, forming a one
Cu(II) center is defined as square pyramidal, with each copper site binding to two oxygen atoms 
from the diphosphonate ligand, two nitrogen atoms from 1,10
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8PO3H)] ·3H2O (2·3H2O). Hydrogen atoms and waters of 
2(o-phen)2(1,4-O3PC8H8PO3)] ·6H2O (3·6H2O
. The compound is constructed from the usual 
-dimensional chain. The coordination of the 
-phenanthroline, and to one 
 
) forms a one-
 
coordinated water molecule. The 1,10
the metal, preventing structural expansion. However, the site of the water molecule on the copper 
center is open for coordination, which would expand the dimensionality of the structure. This 
case is exhibited in the structure of 
 
Figure 2.4. Mixed polyhedral and ball and stick representation of the one
[Cu2(H2O)2(o-phen)2(1,4-O3PC8H
crystallization are not shown for clarity
 
 The structure of [Cu(o-phen)(1,4
dimensional layer. A depiction of the structure is shown in 
building unit of [Cu2(O,O’-phosphonate)
The geometry at the copper atom is defined as square pyramidal, with each copper atom 
coordinating to two nitrogen atoms from 1,10
atoms. Each dimeric unit is then coordinated to four other dimeric unit
dimensional layer. The organo-nitrogen ligands project above and below the layer, constraining 
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-phenanthroline ligand acts to block coordination sites on 
4·3H2O. 
-dimensional chain of 
8PO3)] ·6H2O (3·6H2O). Hydrogen atoms and waters of 
. 
-HO3PC8H8PO3H)] ·3H2O (4·3H2O) forms a two
Figure 2.5. The common secondary 
2] is exhibited, which creates copper(II) dimer
-phenanthroline and three phosphonate oxygen 
s, forming a two
 
-
ic units. 
-
57 
 
the structure into a two-dimensional material. The structure is nearly identical to the structure of 
3·6H2O. This suggests that by simple substitution of the coordinated water molecule in 3·6H2O 
with the 1,4-xylyldiphosphonate ligand, the structure of 4·3H2O is produced. Therefore, the 
chain in structure 3·6H2O may be the precursor for the formation of the network in 4·3H2O. 
 
 
Figure 2.5. Mixed polyhedral and ball and stick representation of the structure of 
phen)(1,4-HO3PC8H8PO3H)] ·3H
not shown for clarity. 
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2O (4·3H2O). Hydrogen atoms and waters of crystallization are 
 
[Cu(o-
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 With a change of the diphosphonate ligand from 1,4-xylene diphosphonic acid to 1,2-
xylene diphosphonic acid, the structure of [Cu(o-phen)(1,2-HO3PC8H8PO3H)] (5), shown in 
Figure 2.6, is produced. The structure of 5 is very similar to the structure of 4·3H2O. The 
common motif of [Cu2(O,O’-phosphonate)2] is observed, yielding copper(II) dimeric units. The 
geometry at each copper(II) center is square pyramidal, with the coordination environment 
consisting of two nitrogen atoms from the organo-nitrogen co-ligand and three phosphonate 
oxygen atoms. Each [Cu2(O,O’-phosphonate)2] secondary building unit is coordinated to four 
others through 1,2-xylyldiphosphonate, producing a two-dimensional network. Just as in 
4·3H2O, 1,10-phenanthroline projects above and below the layer, preventing expansion beyond 
the layered material. 
 
 
Figure 2.6. Mixed polyhedral and ball and stick representation of the two
of [Cu(o-phen)(1,2-HO3PC8H8PO
60 
-dimensional structure 
3H)] (5). Hydrogen atoms are not shown for clarity. 
 
 
 
 The structure of [Cu(o-phen)(1,3
of the common [Cu2(O,O’-phosphonate)
xylyldiphosphonate to yield a one
pyramidal geometry, coordinated to two nitrogen atoms from 1,10
phosphonate oxygen atoms. As opposed to the structure of 
tethers the copper dimeric units into a one
tethered together by two diphosphonate ligands into a one
 
Figure 2.7. Mixed polyhedral and ball and stick representation of the one
[Cu(o-phen)(1,3-HO3PC8H8PO3H)] (
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-HO3PC8H8PO3H)] (6), displayed in Figure 2.7
2] secondary building unit linked by 1,3-
-dimensional chain. Each copper(II) atom is in the square 
-phenanthroline and to three 
3 where one diphosphonate ligand 
-dimensional chain, the copper dimeric units in 
-dimensional chain.  
-dimensional chain of 
6). Hydrogen atoms are not shown for clarity. 
, consists 
6 are 
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 Changing the organo-nitrogen ligand to 2,2’-bipyridine, along with the reaction 
conditions, the molecular structure of 7·2H2O, the two dimensional structure of 8 and the one-
dimensional chain of 9 are produced. 
 The structure of [Cu2(H2O)2(2,2’-bpy)2(1,4-HO3PC8H8PO3H2)2(1,4-HO3PC8H8PO3H)] 
·2H2O (7·2H2O) produces a unique unit, where two copper monomeric sites are bridged by 1,4-
xylyldiphosphonate, producing a molecular structure. A polyhedral depiction of the structure is 
shown in Figure 2.8. There are two different environments for the diphosphonic acid ligand. The 
first environment of the diphosphonic acid ligand bridges copper(II) centers together and is in the 
form of (HO3PC8H8PO3H)
2-.  The second environment of the diphosphonic acid ligand is 
coordinated to the copper(II) center at one terminus and is uncoordinated at the other. The form 
of the diphosphonic acid ligand in this case is (HO3PC8H8PO3H2)
1-, being neutral in charge at the 
uncoordinated terminus.  The geometry at each copper center is square pyramidal, and is 
coordinated to two nitrogen atoms from the organo-nitrogen ligand, two oxygen atoms from two 
different phosphonate ligands, and one coordinated water molecule. Because the copper sites are 
bridged by 1,4-xylene diphosphonic acid, the usual [Cu2(O,O’-phosphonate)2] secondary 
building unit is not produced. 
 
 
Figure 2.8. Mixed polyhedral and ball and stick representation of the molecular structure of 
[Cu2(H2O)2(2,2’-bpy)2(1,4-HO3PC
Hydrogen atoms and waters of crystallization are not shown for clarity. 
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8H8PO3H2)2(1,4-HO3PC8H8PO3H)] ·2H2O (7·
 
 
2H2O). 
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With a slight change in experimental conditions of 7·2H2O, the two dimensional structure 
of [Cu(2,2’-bpy)(1,4-HO3PC8H8PO3H)]·2H2O (8·2H2O), depicted in Figure 2.9, is produced. 
The structure of 8·2H2O is very similar to the structure of 4·3H2O. The common [Cu2(O,O’-
phosphonate)2] secondary building unit is produced, forming copper(II) dimeric units. These 
dimeric units are then bridged to four other dimeric units by 1,4-xylyldiphosphonate to produce a 
two-dimensional layered structure. The geometry at each copper site is square pyramidal, with 
the copper coordinating to two nitrogen atoms from 2,2’-bipyridine, and three phosphonate 
oxygen atoms. The organo-nitrogen ligand projects above and below the plane of the layer, 
preventing expansion beyond the layered material.  
 
 
 
Figure 2.9. Mixed polyhedral and ball and stick representation of the two
structure of [Cu(2,2’-bpy)(1,4-HO
of crystallization are not shown for clarity. 
 
 When 1,3-xylene diphosphonic acid is used as the diphosphonic acid ligand with 2,2’
bipyridine as the organo-nitrogen co
bpy)(1,3-HO3PC8H8PO3H)] (9) is produced. The structure of 
similar to the structure of 6. The usual secondary building unit of 
produced, forming copper(II) dimeric units. These copper
another by two diphosphonic acid ligands along the 
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-dimensional layered 
3PC8H8PO3H)] ·2H2O (8·2H2O). Hydrogen atoms and waters 
 
-ligand, the one-dimensional chain structure of [Cu(
9, depicted in Figure 2.10
[Cu2(O,O’-phosphonate)
(II) dimeric units are bridged to one 
a axis, producing a one-dimensional chain. 
 
-
2,2’-
, is very 
2] is 
 
The geometry at each copper center is square pyramidal, with each copper coordinating to two 
nitrogen atoms from the 2,2’-bipyridine organo
atoms.  
 
Figure 2.10. Polyhedral representation of the one
HO3PC8H8PO3H)] (9). Hydrogen atoms are not shown for clarity.
 
 With a change to tetra-2-pyridinylpyrazine as the organo
structure of [Cu2(H2O)2(tpyprz)(1,4
H2O3PC8H8PO3H2·2H2O (10·1,4
of [Cu2(tpyprz)(1,2-HO3PC8H8PO
H2O3PC8H8PO3H)2]Cl2·1,4-H2O3
produced.  
 When the bi-nucleating ligand 
chain of [Cu2(H2O)2(tpyprz)(1,4-
H2O3PC8H8PO3H2·2H2O (10·1,4
representation of the structure is shown in 
coordinates at both ends to copper monomeric units. The copper monomeric units are then 
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-nitrogen ligand, and three phosphonate oxygen 
-dimensional layer of [Cu(2,2’-
 
-nitrogen ligand, the chain 
-H2O3PC8H8PO3H)2(1,4-HO3PC8H8PO3H)] ·
-H2O3PC8H8PO3H2·2H2O) along with the molecular structures 
3H)2]·2H2O (11·2H2O) and [Cu4(Cl)4(tpyprz)2
PC8H8PO3H2·8H2O (12·1,4-H2O3PC8H8PO3H2
tetra-2-pyridinylpyrazine is used the one-dimensional 
H2O3PC8H8PO3H)2(1,4-HO3PC8H8PO3H)]·1,4-
-H2O3PC8H8PO3H2·2H2O) is produced. A polyhedral 
Figure 2.11(a). The tetra-2-pyridinylpyrazine ligand 
bpy)(1,3-
1,4-
(1,4-
·8H2O) are 
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bridged to one another by 1,4-xylyldiphosphonate to produce a one dimensional chain. The 
geometry at each copper(II) site is a distorted octahedron with coordination to three nitrogen 
atoms from tetra-2-pyridinylpyrazine, one coordinated water molecule and two phosphonate 
oxygen atoms.  
It is noteworthy to mention that there are three unique diphosphonate environments in 
this structure. One unique diphosphonate ligand bridges the copper tetra-2-pyridinylpyrazine 
units together to form a chain and is in the (HO3PC8H8PO3H)
2- form, while another 
diphosphonate ligand coordinates at one terminus to the copper center, however is uncoordinated 
at its second terminus. This diphosphonic acid ligand takes the form, (H2O3PC8H8PO3H),
1- being 
neutral in charge at the uncoordinated terminus. Finally, the third unique diphosphonate ligand is 
uncoordinated at both termini, taking the neutral form of H2O3PC8H8PO3H2. The uncoordinated 
1,4-xylyldiphosphonate ligand hydrogen bonds to the one-dimensional chain to form a virtual 
two-dimensional layered structure, depicted in Figure 2.11(b). 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11. Mixed polyhedral and ball and stick representation of 
[Cu2(H2O)2(tpyprz)(1,4-H2O3PC
(10·1,4-H2O3PC8H8PO3H2·2H2O) and 
bonding in 10·1,4-H2O3PC8H8PO
Hydrogen atoms (besides H-bonding hydrogen atoms) and water molecules
not shown for clarity.  
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(a) 
 
(b) 
(a) the structure of 
8H8PO3H)2(1,4-HO3PC8H8PO3H)]·1,4-H2O3PC8
(b) the virtual 2-D network formed through hydrogen 
3H2·2H2O (hydrogen bonds indicated by red dashed lines). 
 of crystallization are 
 
H8PO3H2·2H2O 
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 When 1,2-xylene diphosphonic acid is used with the organo-nitrogen ligand tetra-2-
pyridinylpyrazine, the molecular structure of [Cu2(tpyprz)(1,2-HO3PC8H8PO3H)2] ·2H2O 
(11·2H2O) is produced. A polyhedral representation of the structure is shown in Figure 2.12. 
Each arm of the tetra-2-pyridinylpyrazine ligand is coordinated to a copper(II) monomer. The 
diphosphonate ligand is bidentate on each copper monomer, preventing further expansion 
beyond the molecular unit. The geometry at each copper site is square pyramidal, with 
coordination to three nitrogen atoms from tetra-2-pyridinylpyrazine and two phosphonate oxygen 
atoms.  
 
 
Figure 2.12. Mixed polyhedral and ball and stick representation of the molecular structure of 
[Cu2(tpyprz)(1,2-HO3PC8H8PO3H)
crystallization are not shown for clarity. 
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2] ·2H2O (11·2H2O). Hydrogen atoms and waters of 
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 The only structure which has chloride incorporation is that of [Cu4(Cl)4(tpyprz)2(1,4-
H2O3PC8H8PO3H)2]Cl2·1,4-H2O3PC8H8PO3H2·8H2O (12·1,4-H2O3PC8H8PO3H2·8H2O). The 
dimensionality of the structure is zero (molecular). Each tetra-2-pyridinylpyrazine ligand is 
coordinated to a copper monomer at both ends. Two copper tetra-2-pyridinylpyrazine units are 
then bridged together by 1,4-xylene diphosphonic acid to form a tetrameric unit, shown in 
Figure 2.13(a). One terminus of the diphosphonic acid ligand is coordinated to two different 
copper(II) sites, and the other terminus is uncoordinated. There is also another diphosphonic acid 
ligand which is completely uncoordinated at both termini and hydrogen bonds to the tetrameric 
unit, forming a virtual one-dimensional chain, shown in Figure 2.13(b). The geometry around 
each copper site is square pyramidal, with coordination to three nitrogen atoms from tetra-2-
pyridinylpyrazine, one phosphorous oxygen atom and one chloride atom.    
 
 
 
 
 
 
 
Figure 2.13. Polyhedral representation of 
H2O3PC8H8PO3H)2]Cl2·1,4-H2O3
hydrogen bonding interaction between uncoordinated 1,4
molecular unit to form a one-dimensional chain. 
atoms) and waters of crystallization are not shown for clarity. 
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(a) 
(b) 
(a) the tetrameric unit in [Cu4(Cl)4(tpypr
PC8H8PO3H2·8H2O (12·1,4-H2O3PC8H8PO3H2
-xylene diphosphonic acid with the 
Hydrogen atoms (except H-bonding hydrogen 
 
 
 
z)2(1,4-
·8H2O) and (b) 
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 When 2,2’-dipyridlamine is introduced as the organo-nitrogen ligand, the molecular 
structure of [Cu(2,2’-dipyidylamine)(1,3-HO3PC8H8PO3H)] (13)  is produced. A polyhedral 
depiction of the structure is shown in Figure 2.14. This structure is similar to that of 2·3H2O, 
with the difference being the organo-nitrogen ligand, the xylyldiphosphonate ligand and the 
geometry at the copper sites.  The usual secondary building unit of [Cu2(O,O’-phosphonate)2] is 
produced, forming copper(II) dimeric units. The 1,3-xylene diphosphonic acid ligand bridges the 
copper dimer at one terminus and is uncoordinated at its other terminus, preventing further 
expansion beyond a molecular unit. The geometry around each copper site is distorted square 
planar, with coordination to two nitrogen atoms from 2,2’-dipyridylamine and two phosphonate 
oxygen atoms.    
 
 
 
Figure 2.14. Mixed polyhedral and ball and stick representation 
[Cu(2,2’-dipyidylamine)(1,3-HO
 
 2.3.3 Magnetic Susceptibility Studies
Magnetic susceptibility measurements were performed on polycrystalline samples of 
compounds 1, 2·3H2O, 4·3H2O, 
and 13 at 1000 Oe over the temperature range of 2
not be performed on compounds 
could not be separated from paramagnetic impurities. 
 The magnetic data for compounds 
conformed to Curie-Weiss magnetic behavior. A temperature independent paramagnetism term 
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of the molecular structure of 
3PC8H8PO3H)] (13). Hydrogen atoms are not shown for clarity. 
 
5, 6, 7·2H2O, 8·2H2O, 11·2H2O, 12·H2O3PC8H
-300K. Magnetic susceptibility studies could 
3·6H2O, 9, and 10·(H2O3PC8H8PO3H2)2·2H2O because they 
 
1, 2·3H2O, 5, 6, 7·2H2O, 8·2H2O, 11·2H
 
 
8PO3H2·8H2O, 
2O, and 13 
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(TIP) was added to take the baseline correction into account. The final expression used for the 
fitted susceptibility was the following:   
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As a function of the effective magnetic moment: 
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where )1(22 += SSgeffµ .The magnetic susceptibility plot for compound 6, shown in Figure 2.15 
gives characteristic best fit values for µeff
2, Ө and g of 1.90 ± 0.25, -0.27 ± 0.09 and 2.12, 
respectively. These values are consistent with d9 Cu(II) sites (S=1/2).   
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Figure 2.15. Magnetic susceptibility plot for compound 6. 
 
As opposed to simple Curie-Weiss behavior, compounds 4·3H2O, and 
12·H2O3PC8H8PO3H2·8H2O display χ vs. T plots which are indicative of low temperature 
magnetic ordering. The magnetic susceptibility plot of compound 4·3H2O is displayed in Figure 
2.16. The magnetic susceptibility plots for these compounds display distinct maxima below 50K 
and Ө values of -13.4 and 36.7, respectively. These values indicate that there may be 
antiferromagnetic coupling between copper(II) sites. The fitting of the magnetic data for 
compounds 4·3H2O, and 12·H2O3PC8H8PO3H2·8H2O requires more investigation. The 
interpretation of the trends in the magnetism of these compounds is speculative before field 
dependent studies can be performed.   
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Figure 2.16. Magnetic susceptibility plot of compound 4·3H2O. 
 
 2.3.4 Thermal Gravimetric Analysis 
TGA data were collected for compounds 1, 2·3H2O, 3·6H2O, 4·3H2O, 5, 6, 7·2H2O, 
8·2H2O, 9, 10·(H2O3PC8H8PO3H2)2·2H2O, 11·2H2O, 12·H2O3PC8H8PO3H2·8H2O, and 13. The 
TGA plots for the compounds in this study are complicated, as there is a range of Cu:P ratios. 
Furthermore, at 800°C, the highest temperature the machine can reach, the decomposition 
processes are not complete.      
The TGA of compound 1, shown in Figure 2.17 has an initial weight loss of around 8% 
which corresponds to the loss of the coordinated water molecule (8.5%, theoretical). This loss is 
followed by a series of losses between the temperatures of 250°C to 800°C. Over this range of 
temperatures there are three processes that are occurring. The first is the condensation of the 
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hydrogen phosphonate groups, the second is the pyrolysis of the organic group, and finally the 
loss of P2O5 [51].  
 The TGA of compound 2·3H2O, shown in Figure 2.18, exhibits an initial weight loss 
between 25°C and 125°C attributed to the loss of the water of crystallization. The compound is 
then stable between 125°C to 250°C. After the plateau of stability, there are a series of 
overlapping weight losses between 250°C to 500°C. These weight losses may correspond to the 
loss of the coordinated water molecules and the decomposition of the phosphonate groups, as 
observed for compound 1. The weight loss which continues from 500°C to 800°C is most likely 
attributed to the loss of the organo-nitrogen ligand. The TGA plots for compounds 3·6H2O, 
4·3H2O, 7·2H2O, 8·2H2O, 10·(H2O3PC8H8PO3H2)2·2H2O, 11·2H2O and 
12·H2O3PC8H8PO3H2·8H2O, which also contain water molecules of crystallization, are similar to 
that of compound 2·3H2O. The TGA plots for compounds 5, 6, 9 and 13 are similar in the region 
above 250°C, however, there is no initial weight loss before 250°C because there is no water of 
crystallization associated with these compounds. 
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Figure 2.17. TGA plot for compound 1. 
 
Figure 2.18. TGA plot for compound 2·3H2O. 
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2.4 Conclusions 
 Hydrothermal synthesis was used to prepare thirteen new copper organodiphosphonate 
materials. The parent compound, [Cu2(H2O)2(1,4-O3PC8H8PO3)] (1) exhibits the common 
pillared layer structure. The remaining twelve compounds incorporate organo-imine ligands 
which act to block coordination sites on the copper center in order to reduce the dimensionality 
of the structure produced. While the dimensionality of structures 2-13 were reduced, the 
dimensionality of the final structure produced was not predictable. The results are summarized in 
Table 2.3. 
 The o-phenanthroline structures exhibit two dimensional (compounds 4·3H2O and 5), 
one-dimensional (3·6H2O and 6) and molecular (2·3H2O) structures. The 2,2’-bipyridine 
derivatives display two dimensional (8·2H2O), one-dimensional (9) and molecular (7·2H2O) 
structures. Surprisingly, with the use of the bi-nucleating ligand tetra-2-pyridinylpyrazine, which 
would be expected to produce one-dimensional, two-dimensional or even three-dimensional 
structures produced molecular structures (11·2H2O and 12·H2O3PC8H8PO3H2·8H2O).  
 The unpredictability of the structures is due to many structural determinants. The 
coordination geometry of the copper atom, along with variable aqua coordination play a role in 
the ultimate dimensionality of the structure. Furthermore, in almost all of the structures 
represented here protonation of the –PO3 termini is not uncommon. Finally, the identity of the 
tether diphosphonate ligand can also affect the final structure produced; it does not merely act as 
a spacer between metal centers.  
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2.6 Supplementary data 
 Additional material available from the Cambridge Crystallographic Data Centre, CCDC 
No. 881705–881717. The material comprises the final atomic coordinates for all atoms, thermal 
parameters, and a complete listing of bond distances and angles.  Copies of this information may 
be obtained free of charge on application to The Director, 12 Union Road, Cambridge, CB2 2EZ, 
UK, fax: +44 1223 336 033, e-mail: data_request@ccdc.cam.ac.uk or 
http://www.ccdc.cam.ac.uk.   
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Chapter 3 
 
Metal-Organophosphonate Chemistry: Hydrothermal Syntheses 
and Structures of Metal(II) Xylyldiphosphonates with Organo-
nitrogen Coligands (Metal(II) = Mn, Co, Ni) 
 
The material contained within this chapter is published in Inorganica Chimica Acta (Smith, T. 
M., Symester, D., Perrin, K., Vargas, J., Tichenor, M., O'Connor, C. J., Zubieta, J., Inorg. Chim. 
Acta 2013, 402, 46). Images and content within this chapter has been reproduced with 
permission from Elsevier. 
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3.1 Introduction 
 Organic-inorganic hybrid materials have witnessed considerable contemporary 
development because of applications in a variety of technologies [1]. The synthetic strategy 
includes addition of an organic component to lend such properties as structural diversity and 
luminescence, and an inorganic component to lend magnetic properties, thermal stability and 
optical properties [2-10]. The ratios of inorganic and organic components along with the 
temperature, time and pH of the reaction medium lend a vast possibility for the synthesis of 
many unique structure types [11-25]. 
 The prototypical inorganic-organic hybrid materials are metal-organophosphonates, 
which have been studied since the 1970s with Alberti and Clearfield being the pioneers in the 
field [26-27]. The typical metal-phosphonate structure forms a “pillared layer” material. These 
structures are three-dimensional, containing alternating organic and inorganic domains (Figure 
3.1). The interlamellar separations are determined by the functionalization of the organic tethers 
[28-29]. 
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Figure 3.1. Typical “pillared layer” structure which contains metal phosphonate layers 
connected by the organic tether.   
 
 The α, ω-alkyldiphosphonates have been researched extensively; however, the chemistry 
of the xylyl diphosphonates, that is the 1,2-, 1,3- or 1,4-(H2O3PCH2)2C6H4, has remained 
relatively unexplored (Figure 3.2) [30-36]. In our exploration of the Cu(II) xylyldiphosphonate 
system [37], we saw that the introduction of a secondary organo-nitrogen ligand such as 2,2’-
bipyridine, 1,10-phenanthroline, or tetra-2-pyridinylpyrazine caused the dimensionality of the 
structure as well as the structural motifs to deviate from the usual pillared layer structure. The 
investigation of Mn, Co, and Ni with xylyldiphosphonic acid ligands yielded sixteen new 
compounds : [Mn(2,2’-bpy)(1,2-HO3PC8H8PO3H)] (1), [Mn(2,2’-bpy)(1,3-HO3PC8H8PO3H)] 
(2), [Mn(2,2’-bpy)2(1,4-HO3PC8H8PO3H)]·H2O3PC8H8PO3H2 (3 ·H2O3PC8H8PO3H2), [Mn(o-
phen)(1,2-HO3PC8H8PO3H)] (4), [Mn(o-phen)(1,3-HO3PC8H8PO3H)] (5), [Co(2,2’-bpy)(1,3-
HO3PC8H8PO3H)] (6), [Co(o-phen)(1,2-HO3PC8H8PO3H)] (7), [Co(o-phen)(1,3-
HOPC8H8PO3H)] (8), [Co(o-phen)(1,4-HO3PC8H8PO3H)] (9), [Co(o-phen)2(1,4-
92 
 
HO3PC8H8PO3H)]·1,4-H2O3PC8H8PO3H2 (10·1,4-H2O3PC8H8PO3H2), [Co(tpyprz)(1,2-
HO3PC8H8PO3H)] (11), [Ni(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (12), [Ni(o-phen)(1,3-
HO3PC8H8PO3H)] (13), [Ni(o-phen)2(1,4-HO3PC8H8PO3H2)] ·1,4-H2O3PC8H8PO3H2 (14·1,4-
H2O3PC8H8PO3H2), [Ni(tpyprz)(1,2-HO3PC8H8PO3H)] (15) and [Ni2(tpyprz)(1,4-
HO3PC8H8PO3H)2]·4H2O (16·4H2O). 
 
 
Figure 3.2. The structures of 1,4-xylene diphosphonic acid, 1,3-xylene diphosphonic acid and 
1,2-xylene diphosphonic acid. 
 
3.2 Experimental Section 
All chemicals were used as obtained without further purification with the exception of 
para-xylene diphosphonic acid, ortho-xylene diphosphonic acid and meta-xylene diphosphonic 
acid which were synthesized in a similar fashion to the method published in literature using their 
respective dibromide starting materials [38].  Nickel(II) acetate tetrahydrate (99.9%) and 
cobalt(II) acetate tetrahydrate (99.9%) were purchased from VWR. Manganese(II) acetate 
tetrahydrate (99.99%), 2,2′-bipyridine (99%), 1, 10-phenanthroline (99%), tetra-2-
pyridinylpyrazine (97%), and hydrofluoric acid (48 wt. % in H2O) were all purchased from 
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Sigma-Aldrich.  All syntheses were carried out in 23-mL poly(tetrafluoroethylene)-lined 
stainless steel containers under autogeneous pressure.  The pH of the solutions were measured 
prior to and after heating using pHydrion vivid 1-11® pH paper.  Water was distilled above 
3.0MΩ in-house using a Barnstead Model 525 Biopure Distilled Water Center.  
 
3.2.1 Synthesis of [Mn(2,2’-bpy)(1,2-HO3PC8H8PO3H)] (1)  
A solution of manganese(II) acetate tetrahydrate (0.103g, 0.420mmol), 2,2’-bipyridine 
(0.040g, 0.256mmol), o-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 
556mmol) with the mole ratio of 1:0.61:0.714:1323 was stirred briefly before heating to 120°C 
for 72 hours.  The initial and final pH values were 6 and 4, respectively.  Yellow rods suitable for 
X-Ray diffraction were isolated in 70% yield. IR (KBr pellet, cm-1): 3405(w), 3058(w), 2927(w), 
1595(m), 1573(w), 1490(w), 1438(m), 1241(m), 1111(m), 1081(m), 1064(m), 1036(s), 997(w), 
978(w), 917(s), 553(w), 528(w). Anal. Calc. for C18H18MnN2O6P2: C, 45.5; H, 3.79; N, 5.89. 
Found: C, 45.4; H, 3.88; N, 5.76%. 
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3.2.2 Synthesis of [Mn(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (2)   
A solution of manganese(II) acetate tetrahydrate (0.103g, 0.420mmol), 2,2’-bipyridine 
(0.040g, 0.256mmol), m-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 
556mmol) with the mole ratio of 1:0.61:0.714:1323 was stirred briefly before heating to 120°C 
for 48 hours.  The initial and final pH values were 5 and 4, respectively.  Yellow rods suitable for 
X-Ray diffraction were isolated in 50% yield.  IR (KBr pellet, cm-1): IR (KBr pellet, cm-1): 
3006(m), 3005(m), 1596(m), 1475(m), 1438(m), 1247(s), 1172(s), 1058(s), 1043(s), 1013(m), 
912(s), 894(m), 805(w), 760(m), 737(m), 701(m), 521(s). Anal. Calc. for C18H18MnN2O6P2: C, 
45.5; H, 3.79; N, 5.89. Found: C, 45.1; H, 3.56; N, 5.95%. 
 
3.2.3 Synthesis of [Mn(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H    
(3·1,4-HO3PC8H8PO3H)  
A solution of manganese(II) acetate tetrahydrate (0.103g, 0.420mmol), 2,2’-bipyridine 
(0.039g, 0.250mmol), p-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 
556mmol) with the mole ratio of 1:0.6:0.714:1323 was stirred briefly before heating to 120°C for 
72 hours.  The initial and final pH values were 4 and 3, respectively.  Yellow blocks suitable for 
X-Ray diffraction were isolated in 5% yield.  IR (KBr pellet, cm-1): 3497(m), 3053(w), 3025(w), 
2917(w), 1599(m), 1514(m), 1439(w), 1259(m), 1100(s), 1086(s), 989(s), 854(m), 600(m), 
542(m). Anal. Calc. for C36H38MnN4O12P4: C, 48.1; H, 4.23; N, 6.24. Found: C, 48.3; H, 3.98; 
N, 6.20%.   
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3.2.4 Synthesis of [Mn(o-phen)(1,2-HO3PC8H8PO3H)] (4)  
A solution of manganese(II) acetate tetrahydrate (0.103g, 0.420mmol), 1,10-
phenanthroline (0.040g, 0.223mmol), o-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O 
(10mL, 556mmol) with the mole ratio of 1:0.53:0.714:1323 was stirred briefly before heating to 
120°C for 72 hours.  The initial and final pH values were 6 and 5, respectively.  Yellow rods 
suitable for X-Ray diffraction were isolated in 60% yield. IR (KBr pellet, cm-1): 3056(w), 
2933(w), 2343(w), 1625(w), 1577(m), 1518(m), 1492(m), 1421(s), 1234(s), 1212(s), 1165(s), 
1136(s), 1103(s), 1079(m), 1038(s), 941(m), 888(m), 791(m), 730(m), 542(s). Anal. Calc. for 
C20H18MnN2O6P2: C, 48.0; H, 3.61; N, 5.61. Found: C, 48.3; H, 3.49; N, 5.33%. 
 
3.2.5 Synthesis of [Mn(o-phen)(1,3-HO3PC8H8PO3H)] (5)  
A solution of manganese(II) acetate tetrahydrate (0.103g, 0.420mmol), 1,10-
phenanthroline (0.040g, 0.223mmol), m-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O 
(10mL, 556mmol) with the mole ratio of 1:0.53:0.714:1323 was stirred briefly before heating to 
120°C for 48 hours.  The initial and final pH values were 5 and 4, respectively.  Yellow rods 
suitable for X-Ray diffraction were isolated in 60% yield. IR (KBr pellet, cm-1): 3480(w), 
3006(w), 2948(w), 2914(w), 1513(m), 1486(w), 1426(m), 1411(w), 1251(s), 1171(s), 1057(m), 
1039(s), 923(m), 908(m), 847(w), 730(m), 698(m), 636(w), 522(s). Anal. Calc. for 
C20H18MnN2O6P2: C, 48.0; H, 3.61; N, 5.61. Found: C, 47.6; H, 3.55; N, 5.49%.   
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3.2.6 Synthesis of [Co(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (6)  
A solution of cobalt(II) acetate tetrahydrate (0.074g, 0.30mmol), 2,2’-bipyridine (0.078g, 
0.50mmol), m-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 556mmol) with 
the mole ratio of 1:1.7:1:1853 was stirred briefly before heating to 120°C for 72 hours.  The 
initial and final pH values were 2 and 4, respectively.  Purple blocks suitable for X-Ray 
diffraction were isolated in 80% yield. (KBr pellet, cm-1): 3071(s), 3006(s), 2941(s), 1600(s), 
1563(m), 1439(s), 1250(s), 1171(s), 1132(s), 1059(s), 919(s), 893(s), 804(m), 761(s), 737(s), 
700(s), 651(s), 626(w), 585(w), 482(s). Anal. Calc. for C18H18CoN2O6P2: C, 45.1; H, 3.76; N, 
5.84. Found: C, 45.4; H, 3.22; N, 5.76%.  
 
3.2.7 Synthesis of [Co(o-phen)(1,2-HO3PC8H8PO3H)] (7)  
A solution of cobalt(II) acetate tetrahydrate (0.074g, 0.30mmol), 1,10-phenanthroline 
(0.039g, 0.22mmol), o-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 
556mmol) with the mole ratio of 1:0.73:1:1853 was stirred briefly before heating to 120°C for 72 
hours.  The initial and final pH values were 6 and 3, respectively.  Blue rods suitable for X-Ray 
diffraction were isolated in 90% yield. IR (KBr pellet, cm-1): 3055(m), 2984(w), 2933(w), 
2266(w), 1685(m), 1626(w), 1603(w), 1579(m), 1450(m), 1421(m), 1303(w), 1212(s), 1163(s), 
1134(s), 1040(m), 938(s), 885(s), 790(s), 725(s), 640(m), 541(s). Anal. Calc. for 
C20H18CoN2O6P2: C, 47.7; H, 3.58; N, 5.56. Found: C, 48.0; H, 3.75; N, 5.41%.  
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3.2.8 Synthesis of [Co(o-phen)(1,3-HO3PC8H8PO3H)] (8)  
A solution of cobalt(II) acetate tetrahydrate (0.074g, 0.30mmol), 1,10-phenanthroline 
(0.078g, 0.43mmol), m-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 
556mmol) with the mole ratio of 1:1.43:1:1853 was stirred briefly before heating to 120°C for 72 
hours.  The initial and final pH values were 2 and 4, respectively.  Purple rods suitable for X-Ray 
diffraction were isolated in 85% yield. IR (KBr pellet, cm-1): 3448(s), 3005(w), 2948(s), 
1560(w), 1421(m), 1254(m), 1228(m), 1206(m), 1168(s), 1132(w), 1081(w), 1057(s), 925(m), 
698(m), 522(s). Anal. Calc. for C20H18CoN2O6P2: C, 47.7; H, 3.58; N, 5.56. Found: C, 47.5; H, 
3.48; N, 5.66%.  
 
3.2.9 Synthesis of [Co(o-phen)(1,4-HO3PC8H8PO3H)] (9) and [Co(o-phen)2 (1,4-
H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H (10·1,4-HO3PC8H8PO3H)  
A solution of cobalt(II) acetate tetrahydrate (0.074g, 0.30mmol), 1,10-phenanthroline 
(0.0784g, 0.44mmol), p-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 
556mmol) with the mole ratio of 1:1.5:1:1853 was stirred briefly before heating to 120°C for 72 
hours.  The initial and final pH values were 4 and 4, respectively.  Orange and purple rods 
suitable for X-Ray diffraction were isolated in 15 and 10% yield, respectively.  IR (KBr pellet, 
cm-1): (9) 3471(s), 3055(w), 2919(w), 2344(w), 1609(m), 1514(s), 1422(s), 1262(m), 1172(m), 
1143(m), 1104(s), 972(s), 853(m), 727(m), 671(w), 550(s0, 502(m). (10·1,4-HO3PC8H8PO3H) 
3422(m), 2766(m), 2344(m), 1624(w), 1577(w), 1514(s), 1423(s), 1259(m), 1102(s), 1050(s), 
1027(s), 988(s), 970(s), 849(s), 726(s), 688(w), 564(w), 512(m). Anal. Calc. for 
C20H18CoN2O6P2 (9): C, 47.7; H, 3.58; N, 5.56. Found: C, 47.3; H, 3.29; N, 5.63%. Anal. Calc. 
for C40H38CoN4O12P4 (10·1,4-HO3PC8H8PO3H): C, 50.6; H, 4.00; N, 5.90. Found: C, 51.0; H, 
4.51; N, 5.76%.  
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3.2.10 Synthesis of [Co(tpyprz)(1,2-HO3PC8H8PO3H)] (11) 
A solution of cobalt(II) acetate tetrahydrate (0.074g, 0.30mmol), tetra-2-
pyridinylpyrazine (0.085g, 0.219mmol), o-xylene-diphosphonic acid (0.080g, 0.30mmol), and 
H2O (10mL, 556mmol) with the mole ratio of 1:0.73:1:1853 was stirred briefly before heating to 
120°C for 48 hours.  The initial and final pH values were 4 and 3, respectively. Orange rods 
suitable for X-Ray diffraction were isolated in 90% yield.  IR (KBr pellet, cm-1): 2880(w), 
2344(w), 1570(m), 1587(w), 1399(s), 1307(w), 1274(w), 1250(m), 1180(m), 1161(s), 1136(s), 
1076(w), 1057(s), 991(w), 793(m), 753(s), 738(m), 530(m), 505(w), 482(w). Anal. Calc. for 
C32H26CoN6O6P2: C, 54.0; H, 3.65; N, 11.8. Found: C, 53.5; H, 3.24; N, 11.7%.  
 
3.2.11 Synthesis of [Ni(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (12)  
A solution of nickel(II) acetate tetrahydrate (0.074g, 0.30mmol), 2,2’-bipyridine (0.068g, 
0.44mmol), m-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (5mL, 278mmol) with 
the mole ratio of 1:1.5:1:927 was stirred briefly before heating to 120°C for 72 hours.  The initial 
and final pH values were 4 and 3, respectively.  Green blocks suitable for X-Ray diffraction were 
isolated in 10% yield.  IR (KBr pellet, cm-1): 3073(m), 3005(m), 2948(m), 2916(m), 2362(w), 
1601(s), 1474(m), 1440(s), 1289(w), 1268(w), 1251(s), 1227(s), 1132(s), 1117(w), 1061(s), 
1022(w), 919(m), 910(m), 803(w), 737(m), 700(m), 522(s). Anal. Calc. for C18H18NiN2O6P2: C, 
45.1; H, 3.76; N, 5.85. Found: C, 45.2; H, 3.82; N, 5.68%. 
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3.2.12 Synthesis of [Ni(o-phen)(1,3-HO3PC8HPO3H)] (13)  
A solution of nickel(II) acetate tetrahydrate (0.074g, 0.30mmol), 1,10-phenanthroline 
(0.068g, 0.38mmol), m-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (5mL, 
278mmol) with the mole ratio of 1:1.23:1:927 was stirred briefly before heating to 120°C for 48 
hours.  The initial and final pH values were 4 and 3, respectively.  Green rods suitable for X-Ray 
diffraction were isolated in 10% yield.  IR (KBr pellet, cm-1): 3004(m), 2947(m), 2914(m), 
1625(m), 1513(m), 1468(m), 1421(s), 1255(s), 1226(s), 1139(s), 1059(s), 927(s), 908(s), 843(s), 
867(m), 802(w), 729(s), 698(s), 585(w), 524(m). Anal. Calc. for C20H18NiN2O6P2: C, 47.7; H, 
3.58; N, 5.57. Found: C, 48.1; H, 3.66; N, 5.72%.    
 
3.2.13 Synthesis of [Ni(o-phen)2(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H 
(14·1,4-HO3PC8H8PO3H)  
A solution of nickel(II) acetate tetrahydrate (0.074g, 0.30mmol), 1,10-phenanthroline 
(0.068g, 0.38mmol), p-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (5mL, 278mmol) 
with the mole ratio of 1:1.23:1:927 was stirred briefly before heating to 120°C for 72 hours.  The 
initial and final pH values were 4 and 4, respectively.  Blue blocks suitable for X-Ray diffraction 
were isolated in 90% yield.  IR (KBr pellet, cm-1): 3078(w), 3043(w), 3002(w), 2750(w), 
2344(w), 1514(s), 1423(s), 1340(m), 1258(m), 1200(s), 1190(s), 1141(s), 1001(s), 923(s), 849(s), 
726(s), 564(s), 512(m). Anal. Calc. for C40H38NiN4O12P4: C, 50.6; H, 4.00; N, 5.90. Found: C, 
50.6; H, 4.11; N, 5.62%.  
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3.2.14 Synthesis of [Ni(tpyprz)(1,2-HO3PC8H8PO3H)] (15) 
A solution of nickel(II) acetate tetrahydrate (0.074g, 0.30mmol), tetra-2-
pyridinylpyrazine (0.085g, 0.22mmol), o-xylene-diphosphonic acid (0.080g, 0.30mmol), and 
H2O (10mL, 556mmol) with the mole ratio of  1:0.73:1:1853 was stirred briefly before heating to 
120°C for 48 hours.  The initial and final pH values were 3 and 3, respectively. Green blocks 
suitable for X-Ray diffraction were isolated in 90% yield.  IR (KBr pellet, cm-1): 3064(m), 
2879(m), 2342(m), 1587(m), 1570(w), 1401(m), 1137(s), 1090(s), 1058(s), 923(s), 865(s), 
805(s), 769(w), 754(w), 738(m), 655(w), 598(w), 482(w), 467(w). Anal. Calc. for 
C32H26NiN6O6P2: C, 54.0; H, 3.66; N, 11.8. Found: C, 54.2; H, 3.83; N, 11.5%.  
 
3.2.15 Synthesis of [Ni2(tpyprz)(1,4-HO3PC8H8PO3H)2]·4H2O (16·4H2O)   
A solution of nickel(II) acetate tetrahydrate (0.074g, 0.30mmol), tetra-2-
pyridinylpyrazine (0.085g, 0.22mmol), p-xylene-diphosphonic acid (0.080g, 0.30mmol), and 
H2O (10mL, 556mmol) with the mole ratio of  1:0.73:1:1853 was stirred briefly before heating to 
120°C for 72 hours.  The initial and final pH values were 3 and 3, respectively.  Green blocks 
suitable for X-Ray diffraction were isolated in 90% yield.  IR (KBr pellet, cm-1): 3434(s), 
3100(s), 2912(s), 2343(s), 1647(m), 1610(s), 1513(m), 1497(s), 1127(s), 1080(s), 1048(s), 
1014(w), 907(s), 864(w), 779(s), 752(m), 580(m), 540(m), 523(s), 482(m), 441(w). Anal. Calc. 
for C20H22NiN3O8P2: C, 43.4; H, 4.01; N, 7.60. Found: C, 43.0; H, 4.31; N, 7.33%. 
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3.2.16 X-Ray Crystallography 
Crystallographic data for compounds all compounds were collected on a Bruker KAPPA 
APEX DUO diffractometer using Mo-Kα radiation (λ = 0.71073Å) containing an APEX II CCD 
system [39]. All data collections were taken at low temperature (90K).  The data were corrected 
for Lorentz and polarization effects [40], and adsorption corrections were made using SADABS 
[41].  Structures were solved by direct methods.  Refinements for each structure were carried out 
using the SHELXTL crystallographic software [42].  Following assigning all non-hydrogen 
atoms, the models were refined against F2 first using isotropic and then using anisotropic thermal 
displacement parameters.  The hydrogen atoms were introduced in calculated positions and then 
refined isotropically.  Neutral atom scattering coefficients along with anomalous dispersion 
corrections were taken from the International Tables, Vol. C.  Images of the crystal structures 
were generated using CrystalMaker® [43]. Crystallographic details for the structures of 1-16 are 
summarized in Table 3.1. Selected bond lengths and angles for structures 1-16 are displayed in 
Table 3.2.  
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Table 3.2. Selected bond lengths (Å) and angles (°) for the compounds of this study. 
[Mn(2,2’-bpy)(1,2-HO3PC8H8PO3H)] (1)    
Mn1 O2  
Mn1 O6  
Mn1 O1  
Mn1 N2  
Mn1 N1  
P1 O3  
P1 O2  
P1 O4(H)  
P2 O6  
P2 O1  
P2 O5(H)  
2.0412(8) 
2.0625(8) 
2.1207(8) 
2.2565(9) 
2.2662(9) 
1.5030(8) 
1.5116(8) 
1.5889(9) 
1.5056(8) 
1.5284(8) 
1.5711(8) 
 
O2 Mn1 O6  
O2 Mn1 O1 
O2 Mn1 N2 
O6 Mn1 N2  
O2 Mn1 N1  
O1 Mn1 N1  
 
101.08(3) 
103.45(3) 
108.76(3) 
147.31(3) 
106.93(3) 
148.13(3) 
[Mn(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (2)    
Mn1 O4  
Mn1 O1  
Mn1 O3  
Mn1 O2  
Mn1 N1  
Mn1 N2  
P1 O4  
P1 O2  
P1 O5(H)  
P2 O3  
P2 O1  
P2 O6(H)  
2.0973(12) 
2.1474(11) 
2.1566(12) 
2.2108(12) 
2.2848(14) 
2.2947(14) 
1.4950(12) 
1.5071(12) 
1.5842(12) 
1.4952(12) 
1.5190(12) 
1.5755(12) 
 
O4 Mn1 O1  
O3 Mn1 O2 
O4 Mn1 N1 
O1 Mn1 N2 
 
106.45(5) 
171.93(4)  
162.62(5)  
161.49(5)    
[Mn(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)]· 
HO3PC8H8PO3H (3·1,4-HO3PC8H8PO3H) 
   
Mn1 O1  
Mn1 O1  
Mn1 N2  
Mn1 N2  
Mn1 N1  
Mn1 N1  
P1 O5  
P1 O6  
P1 O4(H)  
P2 O1  
P2 O3  
P2 O2(H)  
2.0916(10) 
2.0916(10) 
2.2688(12) 
2.2688(12) 
2.2768(11) 
2.2768(11) 
1.5107(10) 
1.5240(10) 
1.5635(10) 
1.4871(10) 
1.5499(10) 
1.5623(10) 
 
O1 Mn1 N2  
O1 Mn1 N2  
O1 Mn1 N1 
O1 Mn1 N1 
N1 Mn1 N1 
159.33(4) 
159.33(4)  
103.33(4) 
103.33(4) 
163.00(6)     
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[Mn(o-phen)(1,2-HO3PC8H8PO3H)] (4)    
Mn1 O2  
Mn1 O1  
Mn1 O3  
Mn1 N2  
Mn1 N1  
P1 O1  
P1 O3  
P1 O6(H)  
P2 O4  
P2 O2  
P2 O5(H)  
2.0372(13)  
2.0591(14)  
2.1126(14) 
2.2603(16)   
2.2698(16)   
1.5013(15) 
1.5264(14) 
1.5704(15)  
1.5005(14)  
1.5082(14)  
1.5881(15)      
     
O2 Mn1 O1  
O2 Mn1 O3  
O2 Mn1 N2 
O1 Mn1 N2  
O2 Mn1 N1  
O3 Mn1 N1  
 
101.25(6) 
103.25(5) 
108.30(6) 
147.51(6) 
107.67(6) 
147.74(5) 
[Mn(o-phen)(1,3-HO3PC8H8PO3H)] (5)    
Mn1 O4  
Mn1 O3  
Mn1 O1  
Mn1 O2  
Mn1 N1  
Mn1 N2  
P1 O3  
P1 O1  
P1 O5(H)  
P2 O4  
P2 O2  
P2 O6(H)  
2.1077(14) 
2.1422(14) 
2.1630(14) 
2.2102(14) 
2.2977(17) 
2.3232(17) 
1.4997(14) 
1.5270(14) 
1.5747(15) 
1.4966(14) 
1.5123(14) 
1.5805(14) 
 
O4 Mn1 O1  
O3 Mn1 O2  
O4 Mn1 N1 
O1 Mn1 N2 
O2 Mn1 N2  
 
106.92(5) 
173.32(5) 
162.23(6) 
162.58(6) 
 
[Co(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (6)    
Co1 O2  
Co1 O5  
Co1 O1  
Co1 N1  
Co1 N2  
Co1 O3  
P1 O2  
P1 O3  
P1 O4(H)  
P2 O5  
P2 O1  
P2 O6(H)  
2.0419(9) 
2.0879(9) 
2.1095(9) 
2.1464(11) 
2.1540(12) 
2.1602(9) 
1.4986(10) 
1.5083(10) 
1.5867(10) 
1.5022(10) 
1.5194(10) 
1.5782(10) 
 
 
 
 
 
 
O2 Co1 O1 
O2 Co1 N1 
O1 Co1 N2  
O5 Co1 O3  
 
 
 
102.73(4) 
166.53(4) 
165.52(4) 
173.48(4) 
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[Co(o-phen)(1,2-HO3PC8H8PO3H)] (7)    
Co1 O3  
Co1 O2  
Co1 O1  
Co1 N1  
Co1 N2  
P1 O3  
P1 O1  
P1 O4(H)  
P2 O5  
P2 O2  
P2 O6(H) 
1.9921(12) 
1.9983(13) 
2.0597(12) 
2.1323(14) 
2.1412(15) 
1.5041(13) 
1.5216(13)   
1.5678(13) 
1.5038(13)   
1.5090(13) 
1.5870(13) 
 
O3 Co1 O2  
O2 Co1 O1 
O3 Co1 N1 
O2 Co1 N1   
O2 Co1 N2 
O1 Co1 N2 
 
102.31(5) 
103.85(5) 
152.56(6) 
103.03(5) 
101.39(5) 
153.76(5) 
[Co(o-phen)(1,3-HO3PC8H8PO3H)] (8)    
Co1 O2  
Co1 O3  
Co1 O1  
Co1 O6  
Co1 N2  
Co1 N1  
P1 O3  
P1 O1  
P1 O4(H)  
P2 O2  
P2 O6  
P2 O5(H)  
2.046(2) 
2.071(2) 
2.128(2) 
2.152(2) 
2.157(3) 
2.181(3)  
1.502(2) 
1.522(2)   
1.575(2)   
1.499(2) 
1.510(2) 
1.588(2) 
 
O2 Co1 O1 
O3 Co1 O6 
O2 Co1 N2 
O1 Co1 N1 
 
103.57(8) 
174.35(8) 
165.91(10) 
166.20(9) 
[Co(o-phen)(1,4-HO3PC8H8PO3H)] (9)    
Co1 O3  
Co1 O3  
Co1 O1  
Co1 O1  
Co1 N1  
Co1 N1  
P1 O1  
P1 O3  
P1 O2(H)  
 
2.0994(12)   
2.0994(12) 
2.1046(12)   
2.1046(12)   
2.1559(15) 
2.1559(15) 
1.4992(12) 
1.5172(13) 
1.5717(12) 
 
 
 
 
 
 
 
 
 
O1 Co1 O1  
O3 Co1 N1  
O3 Co1 N1 
 
177.38(7) 
165.28(5) 
165.28(5) 
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[Co(o-phen)2(1,4-H2O3PC8H8PO3H2)]· 
1,4-HO3PC8H8PO3H (10·  1,4-
HO3PC8H8PO3H) 
   
Co1 O1  
Co1 O1  
Co1 N1  
Co1 N1  
Co1 N2  
Co1 N2  
P1 O1  
P1 O3(H)  
P1 O2(H)  
P2 O4  
P2 O5  
P2 O6(H)  
2.0521(10) 
2.0521(10) 
2.1320(11) 
2.1320(11) 
2.1643(12) 
2.1643(12) 
1.4885(10) 
1.5565(10) 
1.5582(10) 
1.5111(10) 
1.5309(9) 
1.5739(10) 
 
N1 Co1 N1 
O1 Co1 N2  
O1 Co1 N2  
 
169.04(6) 
165.09(4) 
165.09(4) 
[Co(tpyprz)(1,2-HO3PC8H8PO3H)] (11)    
Co1 O1  
Co1 O3  
Co1 N2  
Co1 O2  
Co1 N3  
Co1 N1  
P1 O3  
P1 O1  
P1 O4(H)  
P2 O2  
P2 O6  
P2 O5(H)  
1.997(2) 
2.0708(19) 
2.092(2) 
2.1191(19) 
2.147(2) 
2.153(2) 
1.5010(19) 
1.511(2) 
1.575(2) 
1.5008(19) 
1.517(2) 
1.575(2) 
 
O1 Co1 N2 
O3 Co1 O2  
O1 Co1 N3 
N3 Co1 N1  
174.71(8) 
170.96(8) 
108.62(9) 
151.76(9) 
[Ni(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (12)    
Ni1 O2  
Ni1 O1  
Ni1 O3  
Ni1 N1  
Ni1 N2  
Ni1 O4  
P1 O2  
P1 O4  
P1 O5(H)  
P2 O3  
P2 O1  
P2 O6(H)  
2.0234(11)   
2.0777(11)   
2.0750(11)   
2.0978(14)   
2.1058(14)   
2.1411(11) 
1.4998(12) 
1.5110(11) 
1.5918(12) 
1.5057(12) 
1.5214(11)   
1.5811(11) 
 
 
 
O2 Ni1 O1  
O2 Ni1 N1  
O1 Ni1 N2  
O3 Ni1 O4  
 
101.96(4) 
167.81(5) 
166.62(5) 
174.13(4) 
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[Ni(o-phen)(1,3-HO3PC8HPO3H)] (13)    
Ni1 O1  
Ni1 O2  
Ni1 O4  
Ni1 N1  
Ni1 N2  
Ni1 O3  
P1 O2  
P1 O4  
P1 O5(H)  
P2 O1  
P2 O3  
P2 O6(H)  
2.028(3) 
2.056(3) 
2.087(3) 
2.107(4)   
2.111(4) 
2.128(3) 
1.504(3) 
1.524(3) 
1.574(3) 
1.502(3) 
1.513(3) 
1.585(3) 
 
O1 Ni1 O4 
O4 Ni1 N1  
O1 Ni1 N2   
O2 Ni1 O3 
 
103.30(13) 
167.21(14) 
167.29(14) 
174.40(12) 
[Ni(o-phen)2(1,4-H2O3PC8H8PO3H2)]·1,4-
HO3PC8H8PO3H (14·1,4-
HO3PC8H8PO3H) 
   
Ni1 O1  
Ni1 O1  
Ni1 N2  
Ni1 N2  
Ni1 N1  
Ni1 N1  
P1 O1  
P1 O2(H)  
P1 O3(H)  
P2 O4  
P2 O6  
P2 O5(H)  
2.0460(9) 
2.0460(9) 
2.0791(10) 
2.0791(10)   
2.1122(10)   
2.1122(10) 
1.4868(9) 
1.5571(9) 
1.5610(9) 
1.5106(9) 
1.5306(8) 
1.5754(9) 
 
N2 Ni1 N2  
O1 Ni1 N1  
O1 Ni1 N1  
 
170.72(5) 
167.17(4) 
167.17(4) 
[Ni(tpyprz)(1,2-HO3PC8H8PO3H)] (15)    
Ni1 O2  
Ni1 N2  
Ni1 O1  
Ni1 O3  
Ni1 N3  
Ni1 N1  
P1 O3  
P1 O4  
P1 O5(H)  
P2 O1  
P2 O2  
P2 O6(H)  
1.9920(15) 
2.0142(18) 
2.0534(14) 
2.0891(14)   
2.0894(18)   
2.0983(18) 
1.5003(15) 
1.5181(15) 
1.5769(15) 
1.4975(15) 
1.5080(15) 
1.5813(15) 
 
 
 
O2 Ni1 N2  
O1 Ni1 O3  
O2 Ni1 N3 
N3 Ni1 N1  
174.66(7) 
172.34(6) 
106.87(7) 
155.97(7) 
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[Ni2(tpyprz)(1,4-HO3PC8H8PO3H)2]·4H2O 
(16·4H2O) 
   
Ni1 O2  
Ni1 O3  
Ni1 N2  
Ni1 O1  
Ni1 N3  
Ni1 N1  
P1 O1  
P1 O5  
P1 O4(H)  
P2 O3  
P2 O2  
P2 O6(H)  
1.9807(18) 
2.0157(19) 
2.044(2) 
2.0819(18) 
2.096(2) 
2.113(2) 
1.4991(19) 
1.5288(19) 
1.5737(19) 
1.4917(19) 
1.5042(19) 
1.5858(19) 
O2 Ni1 N2 
O3 Ni1 O1 
O2 Ni1 N3 
N3 Ni1 N1  
171.88(8) 
174.63(7) 
107.90(8) 
154.24(8) 
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3.2.17 Magnetism 
Magnetic measurements were performed on a Quantum Design SQUID, MPMS-XL 
magnetometer. Magnetic susceptibility measurements for the complexes of this study were 
carried out in the direct current (dc) mode in an applied field of 0.1 T in the 2–300 K range. The 
measurements were performed on polycrystalline samples of compound at 1000 Oe. Magnetic 
data obtained for samples were corrected for diamagnetic contributions by the use of the Pascal 
constants. 
 
3.2.18 Thermal Gravimetric Analysis 
TGA data were collected on a TA instruments Q500 v6.7 Thermogravimetric Analyzer. 
Data was collected on samples that ranged between 5 and 10 mg, ramping the temperature at 
10°C/minute between 25°C to 800°C. 
 
3.3 Results and Discussion 
 
 3.3.1 Synthesis and Infrared Spectroscopy 
Structures (1)-(16) were all synthesized through hydrothermal methods.  All structures 
share the same common feature of phosphonate groups (RPO3), which give IR bands between 
1000-1200cm-1[44].  In structure 16·4H2O where coordinated water is present there is a 
corresponding band around 3100cm-1.  
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3.3.2 X-Ray Structures 
The structures of [Mn(2,2’-bpy)(1,2-HO3PC8H8PO3H)] (1), [Mn(o-phen)(1,2-
HO3PC8H8PO3H)] (4), and [Co(o-phen)(1,2-HO3PC8H8PO3H)] (7) which have 1,2-xylene 
diphosphonic acid as the diphosphonate component are isomorphous. The polyhedral 
representation of the structure of [Mn(2,2’-bpy)(1,2-HO3PC8H8PO3H)] (1) is shown in Figure 
3.3. The usual [Mn2(O,O’-phosphonate)2] unit is formed, with two metal centers bridged through 
phosphonate tetrahedra to form a (Mn2P2O4) ring. The (Mn2P2O4) rings are bridged to four other 
rings through 1,2-xylene diphosphonic acid, forming a two-dimensional layer. The geometry at 
the metal center is square pyramidal, with coordination to two nitrogen atoms (either from 2,2’-
bipyridine or 1,10-phenanthroline) and three phosphonate oxygen atoms. The organo-nitrogen 
ligands project above and below the layer preventing expansion into the third dimension. 
 
 
 
 
 
Figure 3.3. Polyhedral representation of the two
HO3PC8H8PO3H)] (1). Hydrogen atoms are not shown for 
all unless otherwise noted: Manganese (dark orange polyhedra), phosphorous (yellow 
polyhedra), oxygen (red spheres), nitrogen (blue spheres), carbon (black spheres)
 
 With the bridging ligand of 1,3
obtained. The general formulation for this series of isostructural compounds is [M(N~N)(1,3
HO3PC8H8PO3H)], with N~N representing the organo
or 1,10-phenanthroline. (M= Mn (N~N=2,2’
phenanthroline, compound 5), Co (N~N=2,2’
phenanthroline, compound 8), and Ni (N~N=2,2’
phenanthroline, compound 13). The two dimensional structure of [Mn(
113 
-dimensional layer of [Mn(2,2’-
clarity (Color scheme is the same for 
-xylenediphosphonate, six isostructural compounds are 
-nitrogen co-ligand, either 2,2’
-bipyridine, compound 2, N~N= 1,10
-bipyridine, compound 6, N~N=1,10
-bipyridine, compound 12 and N~N= 1,10
2,2’-bpy)
 
bpy)(1,2-
). 
-
-bipyridine 
-
-
-
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(1,3-HO3PC8H8PO3H)] (2) is shown in Figure 3.4(a) and 3.4(b). These isomorphous structures 
form two-dimensional networks, however, the secondary building unit is distinct from the 
structures of 1, 4, and 7. Instead of [M2(N~N)2(O,O′-phosphonate)2] secondary building units 
creating isolated [M2(N~N)2(HO3PR)2] units, chains of [M2(N~N)2(HO3PR)2]  run parallel to the 
a axis. Adjacent chains are linked through 1,3-xylene diphosphonic acid to form a two 
dimensional network. The organo-nitrogen ligand is positioned both above and below the layer, 
preventing further dimensional expansion.  Each metal(II) site exhibits an octahedral geometry 
with coordination to two nitrogen atoms from the organo-nitrogen ligand and four phosphonate 
oxygen atoms. The protonation sites on the phosphonate oxygen atoms are revealed by the P-
O(H) bond length. The average P-O bond distance in compound 2 is 1.504(1)Å, with the P-O(H) 
bond distances being longer, at 1.584(1)Å and 1.576(1)Å. 
 
 
 
 
 
 
 
 
Figure 3.4. Polyhedral representation of the (
HO3PC8H8PO3H)] (2)  and (b) a view down the side of the layer in [Mn(
HO3PC8H8PO3H)] (2). Hydrogen atoms are not shown for clarity. 
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(a) 
(b) 
a) two dimensional layer of [Mn(2,2’
2,2’-bpy)(1,3
 
 
 
-bpy)(1,3-
-
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The most unique structures are the isomorphous virtual two-dimensional layers of 
[Mn(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H (3·1,4-HO3PC8H8PO3H), [Co(o-
phen)2(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H (10·1,4-HO3PC8H8PO3H) and [Ni(o-
phen)2(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H (14·1,4-HO3PC8H8PO3H).  The structure of 
[Mn(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H (3·1,4-HO3PC8H8PO3H) is shown 
in Figure 3.5. Rather than the usual [M2(N~N)2(O,O′-phosphonate)2] secondary building unit, 
the structure is constructed from [Mn(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)]n 
2n+ chains, shown in 
Figure 3.5(a). Each metal site is octahedral in geometry, coordinating to four nitrogen atoms 
from two different organo-nitrogen ligands (either 2,2’-bipyridine or 1,10-phenanthroline) and 
two phosphonate oxygen atoms, forming a cis-(MO2N4) unit. The cis-(MO2N4) units are tethered 
to one another by the diphosphonate ligand.  One oxygen atom at each phosphonate terminus 
coordinates to a metal center and the other two oxygen atoms are protonated (see Table 3.2 for 
selected bond lengths and angles). Beyond the one-dimensional chain, there is an uncoordinated 
(HO3PC8H8PO3H)
2- ligand to charge balance.  
 These structures become virtually two dimensional due to strong hydrogen bonding 
between the [Mn(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)]n 
2n+ chains  and the (HO3PC8H8PO3H)
2- 
anions. The (Mn(2,2’-bpy)2)
2+ groups project above and below the plane, as shown in Figure 
3.5(b). These units interlock producing a dense-phase structure. Figure 3.6 displays the 
hydrogen bond interaction between the cationic chains with the charge compensating anionic 
diphosphonate ligand, producing a virtual two-dimensional structure. The hydrogen bonding 
distances and O-HLO angles are provided in Table 3.3. 
 
 
 
 
 
Figure 3.5. Polyhedral representation of (
chains in [Mn(2,2’-bpy)2(1,4-H2O
and (b) the packing in [Mn(2,2’-bpy)
HO3PC8H8PO3H). Hydrogen atoms are not shown for clarity. 
117 
(a) 
(b) 
a) the [Mn(2,2’-bpy)2(1,4-H2O3PC8H8PO
3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H (3·1,4-HO
2(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO
 
 
 
3H2)]n 
2n+  
3PC8H8PO3H) 
3H (3·1,4-
 
Figure 3.6. The virtual two-dimensional structure produced by hydrogen
[Mn(2,2’-bpy)2(1,4-H2O3PC8H8PO
bpy)2(1,4-H2O3PC8H8PO3H2)]·1,4
(except H-bonding hydrogen atoms) are not shown for clarity (Color scheme: same as above 
with hydrogen atoms (pink spheres)). 
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-bonding between the  
3H2)]n 
2n+  chains and (HO3PC8H8PO3H)
2- anions in [Mn(2,2’
-HO3PC8H8PO3H (3·1,4-HO3PC8H8PO3H). Hydrogen atoms 
 
 
-
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Table 3.3. Hydrogen bond distance and angles for compounds 3·1,4-HO3PC8H8PO3H, 10·1,4-
HO3PC8H8PO3H and 14·1,4-HO3PC8H8PO3H. 
Compound H—O Bond Distance H—O-H Bond Angle 
[Mn(2,2’-bpy)2(1,4-
H2O3PC8H8PO3H2)]· 1,4-
HO3PC8H8PO3H (3·  1,4-
HO3PC8H8PO3H) 
H3’-O5      1.657Å 
H2’-O6      1.718Å 
H4’-O6      1.806Å 
O3-H3’-O5      175.5° 
O2-H2’-O6      173.5° 
O4-H4’-O6      155.8° 
[Co(o-phen)2(1,4-
H2O3PC8H8PO3H2)]·1,4-
HO3PC8H8PO3H (10·  1,4-
HO3PC8H8PO3H) 
H2’-O4      1.690Å 
H3’-O5      1.709Å 
H6’-O5      1.829Å 
O2-H2’-O4      175.1° 
O3-H3’-O5      165.8° 
O6-H6’-O5      163.0° 
[Ni(o-phen)2(1,4-H2O3PC8H8PO3H2)] 
·1,4-HO3PC8H8PO3H (14·  1,4-
HO3PC8H8PO3H) 
H2’-O6      1.708Å 
H3’-O4      1.700Å 
H5’-O6      1.826Å 
O2-H2’-O6      166.8° 
O3-H3’-O4      172.9° 
O5-H5’-O6      163.1° 
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The single example of a three-dimensional compound in this series is compound 9, 
[Co(o-phen)(1,4-HO3PC8H8PO3H)]. A depiction of the structure is provided in Figure 3.7(a) and 
Figure 3.7(b). The usual secondary building unit of [Co2(N~N)2(O,O′-phosphonate)2] is formed. 
The clusters formed by the secondary building unit form chains similar to those formed in 
structures 2, 5, 6, 8, 12 and 13. However, in the case of 9, the chains are linked in four directions 
by 1,4-xylene diphosphonic acid to provide expansion into three dimensions, rather than two. It 
is interesting to note that the cavities formed by the 1,4-xylyldiphosphonate ligand are large 
enough to incorporate the 1,10-phenanthroline organo-nitrogen ligand.  
 
 
 
 
 
 
 
 
Figure 3.7. Polyhedral representation of 
HO3PC8H8PO3H)] (9) down the c 
for clarity (Color scheme: same as above with cobalt (purple polyhedra)
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(a) 
(b) 
(a) the three-dimensional structure of [Co(o
axis and (b) down the b axis. Hydrogen atoms are not shown 
).  
 
 
-phen)(1,4-
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 When the ligand tetra-2-pyridinylpyrazine was introduced, it was expected that due to the 
binucleating nature of the ligand, the structure would expand into two or three dimensions. 
However, this was not the case, as evidenced by the isomorphous structures of [Co(tpyprz)(1,2-
HO3PC8H8PO3H)] (11) and [Ni(tpyprz)(1,2-HO3PC8H8PO3H)] (15), which are one-dimensional. 
The structure of [Co(tpyprz)(1,2-HO3PC8H8PO3H)] (11) is displayed in Figure 3.8. The 
compound of 11 is constructed from (Co2(tpyprz)2(HO3PR)2) clusters which are linked together 
by 1,2-xylyldiphosphonate, forming a chain. The coordination around each cobalt center is 
described as (CoN3O3), with a distorted octahedral geometry. Each cobalt(II) center is 
coordinated to three nitrogen atoms from the tetra-2-pyridinylpyrazine ligand and to three 
phosphonate oxygen atoms. One terminus of the diphosphonate ligand bridges two cobalt metal 
centers, while the other terminus coordinates to one metal center. Interestingly, the binucleating 
ligand tetra-2-pyridinylpyrazine coordinates to only one metal center, therefore, expansion into 
two or three dimensions is prevented.  
 
 
 
Figure 3.8. Polyhedral representation of the one
HO3PC8H8PO3H)] (11). Hydrogen atoms are not shown for clarity
 
 Another one dimensional structure produced from the tetra
the structure of [Ni2(tpyprz)(1,4-
representation of the structure of 
and 15, the tetra-2-pyridinylpyrazine
binding at both nucleating sites. The normal building unit is observed, [Ni
forming dimeric nickel(II) units. These units are 
also the tetra-2-pyridinylpyrazine ligand. The geometry at each metal site is a distorted 
octahedron, defined as (NiO3N3). The nickel sites coordinate to three nitrogen atoms from the 
tetra-2-pyridinylpyrazine ligand and to three phosphonate oxygen atoms. As observed in 
structures 11 and 15, the diphosphonate ligand has two binding modes. At one terminus
phosphonate bridges nickel(II) metal centers together, and at the other terminus the phosphonate 
binds to only one metal center.  
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-dimensional structure of [Co(tpyprz)(1,2
. 
-2-pyridinylpyrazine ligand is 
HO3PC8H8PO3H)]·4H2O (16·4H2O).  A polyhedral 
16·4H2O is shown in Figure 3.9. Unlike in the struct
 ligand acts as would be expected, with metal centers 
2(O,O’
bridged together by 1,4-xylyldiphosphonate and 
 
-
ures of 11 
-phosphonate)2], 
 the 
 
Figure 3.9. Polyhedral representation of the one
HO3PC8H8PO3H)2] ·4H2O (16·4H
removed for clarity (Color scheme: same as above with nicke
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-dimensional chain of [Ni2(tpyprz)(1,4
2O). Hydrogen atoms and waters of crystallization are 
l (green polyhedra)).
-
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3.3.3 Magnetic Susceptibility Studies  
Magnetic measurements were conducted on all compounds in this study with the 
exception of compounds 3·1,4-HO3PC8H8PO3H, 12, and 13, which contained paramagnetic 
impurities and were not studied.  
 Magnetic data for all compounds studied were analyzed using the Curie-Weiss law with a 
temperature-independent paramagnetism term (TIP) added to account for the baseline correction. 
The final expression used in the susceptibility fittings is the following: 
 
χ = χ
h
+TIP =
Ng 2µ
B
2 S S +1( )
3k
B
T −θ 
+TIP            
 
As a function of the magnetic moment, the expression is: 
 
χ = χ
h
+TIP =
µ
eff
2
8 T -θ 
+TIP, 
where µeff
2 = g 2S S +1( )
                              
 
 
The Mn2+ compounds 1, 2, 4, and 5 exhibit values for µeff in the range of 5.98 to 6.38µB. 
These values are consistent with the ground state of S = 5/2 (5.9 ± µB, calculated). The magnetic 
susceptibility plot for compound 1 is shown in Figure 3.10. Compounds 6 through 11 which 
contain Co2+ have values of µeff ranging from 3.90 to 4.57µB . These values are consistent with 
the S=3/2 ground state. The magnetic susceptibility plot for compound 6 is displayed in Figure 
3.11. Deviation from 3.87 µB indicated contributions of spin-orbit coupling. Compounds 14·1,4-
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HO3PC8H8PO3H, 15 and 16·4H2O which contain Ni
2+ have values of µeff in the range of 2.89-
3.23µB, which are consistent with a ground state of S=1 (2.83µB, calculated). Variations from 
2.83µB reflect contributions of spin-orbit coupling. Contribution of spin-orbital coupling in the 
compounds of this study suggest negligible magnetic exchange though the [M2(O,O’-
phosphonate)2] bridges. These bridges are secondary building units of many compounds of this 
study.  
 
 
Figure 3.10. Magnetic susceptibility plot for compound [Mn(2,2’-bpy)(1,2-HO3PC8H8PO3H)] 
(1). 
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Figure 3.11. Magnetic susceptibility plot for compound [Co(2,2’-bpy)(1,3-HO3PC8H8PO3H)] 
(6).   
 
3.3.4 Thermal Gravimetric Analysis 
The thermal gravimetric analysis (TGA) plots of the metal(II) compounds of this study 
(M(II): Mn, Co, Ni) exhibit 4 common motifs in the decomposition products. For many 
compounds, the decomposition process does not appear to be complete at a temperature of 
800oC, as evidenced by the gradual loss continuing at the limiting temperature of the instrument.    
The TGA for compound 1, shown in Figure 3.12, exhibits stability up to about 280oC 
followed by a weight loss of about 40% at 400oC, attributed to the loss of the 2,2’-bipyridine 
ligand (32.8%, theoretical). The compound then has a stable plateau from around 400oC to 
510oC, followed by an additional weight loss of about 20% at 600oC.  Over this range the 
diphosphonate ligand is decomposing resulting in the condensation of the hydrogen phosphonate 
groups and the oxidation and loss of P2O5 [28]. What remains, which is most likely a manganese 
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oxide is stable from 600oC to 800oC. Compounds 4, 5, and 11 exhibit similar features in their 
respective TGA plots. 
The TGA for compound 3·1,4-HO3PC8H8PO3H, shown in Figure 3.13, exhibits a loss of 
about 20% (17.4%, calculated) at about 290oC attributed to the pyrolysis of one of the organo-
nitrogen ligands. The second organo-nitrogen ligand then is slowly lost from about 290oC to 
about 660oC. The total weight loss including the first organo-nitrogen ligand is about 30% 
(34.8%, calculated).The compound is then stable from around 660oC to 800oC.  It is interesting 
to note that the hydrogen-bonded 1,4-HO3PC8H8PO3H is so strongly attached to the complex that 
even at 800oC there is no evidence of its loss. What remains is most likely the metal 
diphosphonate complex. Similar behavior is exhibited in compounds 10·1,4-HO3PC8H8PO3H  
and 14·1,4-HO3PC8H8PO3H. 
The TGA of compound 12, shown in Figure 3.14, is quite stable, with one major weight 
loss depicted. The compound is thermally stable up to around 475°C, which is followed by a 
weight loss of about 30% between 475°C and 600°C, corresponding to the loss of the 2,2’-
bipyridine ligand (32.6%,theoretical). Between 600°C to 800°C there is a gradual weight loss of 
<10%, mostly likely corresponding to the gradual decomposition of the diphosphonate ligand.  
Compounds 6, 7, 8, 9, 13 and 15 exhibit similar behavior to compound 12.  
The TGA for compound 16·4H2O, shown in Figure 3.15, exhibits a loss of about 8% 
(7.6%, calculated) from around 25oC to 200oC attributed to the loss of two waters of 
crystallization. The compound is then stable from around 200oC to 440oC. The next weight loss 
occurs between 440oC to about 510oC, where the compound loses its remaining two waters of 
crystallization. The total weight loss over these two ranges is about 15% (13%, calculated). From 
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510oC to 800oC the compound continues to gradually loose mass, most likely due to the 
decomposition of the organo-nitrogen ligands.  
 
 
Figure 3.12.  Thermogravimetric analysis profile for compound 1 in the 25-800oC range. 
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Figure 3.13.  Thermogravimetric analysis profile for compound 3·1,4-HO3PC8H8PO3H in the 
25-800oC range. 
 
Figure 3.14.  Thermogravimetric analysis profile for compound 12 in the 25-800oC range.  
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Figure 3.15.  Thermogravimetric analysis profile for compound 16·4H2O in the 25-800
oC range. 
 
3.4 Structural Trends and Observations 
 The Mn(II), Ni(II) and Co(II) structures 1-16 are quite different from the usual “pillared 
layer” due to the incorporation of a secondary chelating ligand. It is interesting to compare the 
structures reported here with the copper series of compounds [37]. 
 Not only does the organo-nitrogen ligand influence the dimensionality of the structure 
produced, but also the coordination preferences of the metal have a large impact on the material 
produced. For example, the structure of [Cu(o-phen)(1,2-HO3PC8H8PO3H)] is similar to 
compounds 1, 4, and 7, however, [Cu(2,2’-bpy)(1,3-HO3PC8H8PO3H)] and [Cu(o-phen)(1,3-
HO3PC8H8PO3)] are one-dimensional chains which have structures that resemble 
[Ni(tpyprz)(1,2-HO3PC8H8PO3H)] rather than those of the 1,3-xylyl diphosphonate series of 
compounds. Moreover, instead of being six-coordinate the copper centers are five-coordinate.  
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 A range of dimensionalities were seen when using 1,4-xlyldiphosphonate. The copper 
series of compounds includes the molecular structures of [Cu2(H2O)2(2,2’-bpy)2(1,4-
HO3PC8H8PO3H2)2(1,4-HO3PC8H8PO3H)] and [Cu(H2O)(o-phen)(1,4-HO3PC8H8PO3H)] and the 
one-dimensional [Cu2(o-phen)(H2O)2(1,4-O3PC8H8PO3)], as well as the two-dimensional 
materials [Cu(o-phen)(1,4-HO3PC8H8PO3H)] and [Cu(2,2’-bpy)(1,4-HO3PC8H8PO3H)]. The 
cobalt(II) compound, [Co(o-phen)(1,2-HO3PC8H8PO3H)], along with compounds 1, 4, and 7 of 
this study share common structural features with the two-dimensional copper(II) series. In all 
cases the metal center is five-coordinate. Furthermore, the two-dimensional network is built from 
{M2(di-µ-O,O′-phosphonate)2} clusters which are then linked together through the xylyl 
diphosphonate tether.     
 The clear structural determinate is the position of the phosphonate group on the phenyl 
rings, whether the ligand is 1,2- 1,3- or 1,4-substituted will have an effect on the final material 
produced. Therefore, the two-dimensional networks of 1, 4 and 7 which incorporate (1,2-
HO3PC8H8PO3H)
2-, are distinct from structures 2, 5, 6, 8, 12 and 13 which incorporate (1,3-
HO3PC8H8PO3H)
2-. Compounds 3·1,4-HO3PC8H8PO3H, 10·1,4-HO3PC8H8PO3H and 14·1,4-
HO3PC8H8PO3H which incorporate (1,4-HO3PC8H8PO3H)
2- adopt a one-dimensional chain 
structure which is expanded into two-dimensions through hydrogen-bonding.    
 Another factor that influences structures in this series is the free rotation of the HnPO3
- 
groups on the xylyl diphosphonate ligand. For instance, in compounds 3·1,4-HO3PC8H8PO3H, 
10·1,4-HO3PC8H8PO3H, and 14·1,4-HO3PC8H8PO3H, which have a virtual two-dimensional 
structure through hydrogen-bonding, the HnPO3
- are in the syn configuration with respect to the 
phenyl rings while, on the other hand, in the three-dimensional structure of 9 the 
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xylyldiphosphonate is in the anti configuration (Figure 3.16). This rotational flexibility is also 
seen in the copper xylyldiphosphonates.   
 
 
Figure 3.16. The syn and anti configuration of the xylyldiphosphonate ligands, respectively. 
 
 The structural variability in these materials is also affected by the different coordination 
polyhedra of the metals, the M-O-P angle and also the variable coordination of aqua ligands to 
the metal center. Furthermore, protonation of the phosphonate ligands is also encountered. 
Generally, under acidic conditions the ligands are observed in the doubly deprotonated 
(HO3PC8H8PO3H)
2- form, however, as seen in the virtual three-dimensional series of compounds 
the ligand can be in its neutral form (H2O3PC8H8PO3H2). Surprisingly, the ligand can also be 
unsymmetrically protonated, as observed in the copper series of compounds.   
  
3.5 Conclusions 
 Hydrothermal synthesis was employed to prepare a series of coordination polymers of the 
M(II)/xylene diphosphonate/organoimine chelate family of materials. Throughout the series there 
are several recurrent structural motifs, including one-dimensional chains, two-dimensional 
networks, virtual two-dimensional networks through hydrogen bonding and three-dimensional 
framework materials. 
 The compounds [M(N^N)(1,2-HO3PC8H8PO3H)] with M = Mn(II), N^N = 2,2’-bpy (1), 
o-phen (4) and M = Co(II), N^N = o-phen (7) exhibit a two-dimensional network structure that is 
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built from the common {M2(di-µ-O,O′-phosphonate)2} rings which are linked together into a 
two-dimensional framework through the xylyldiphosphonate ligands. The series [M(2,2’-
bpy)(1,3-HO3PC8H8PO3H)] (M = Mn (2), Co (6), Ni (12) and [M(o-phen)(1,3-HO3PC8H8PO3H)] 
(M = Mn (5), Co (8)) series of compounds are also two-dimensional, however, their construction 
is slightly different. The networks are constructed from {M2(N^N)2(HO3PR)2}n chains which are 
again linked into a layer though the xylyldiphosphonate ligands. The virtual two-dimensional 
structures of [M(N^N)2(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H (M = Mn, N^N = 2,2’-bpy 
(3·1,4-HO3PC8H8PO3H); M = Co, N^N = o-phen (10·1,4-HO3PC8H8PO3H); M = Ni, N^N = o-
phen (14·1,4-HO3PC8H8PO3H)) exhibit {M(N^N)2(1,4-H2O3PC8H8PO3H2)}
2+ chains which 
hydrogen bond to the anionic (HO3PC8H8PO3H)
2- providing two-dimensional expansion.  
 The ligand tetra-2-pyridinylpyrazine was introduced with the expectation that two-
dimensional or three-dimensional structures would be produced due to the bi-nucleating nature 
of the ligand. However, the compounds [M(tpyprz)(1,2-HO3PC8H8PO3H)] (M = Co (11), Ni 
(15)) and [Ni2(tpyprz)(1,4-HO3PC8H8PO3H)]·4H2O (16·4H2O) are one-dimensional. In the case 
of compounds 11 and 15 one terminus of the tetra-2-pyridinylpyrazine coordinates to the metal 
center while the other terminus remains pendant and un-coordinated. These structures are similar 
to 1, 4, and 7, however, the metal coordination is six {MO3N3} rather than square pyramidal 
{MO3N2} coordination in the latter series. The tetra-2-pyridinylpyrazine ligand does bind as 
would be expected in compound 16·4H2O, however, the 1,4-xylyldiphosphonate ligand is large 
enough to span the distance between the {Ni2(tpyprz)(di-µ-O,O′-diphosphonate)2} secondary 
building units, resulting in a one-dimensional chain. 
 The unique example of a three-dimensional structure is seen in compound [Co(o-
phen)(1,4-HO3PC8H8PO3H)] (9). The usual {Co2(o-phen)2(di-µ-O,O′-phosphonate)2} secondary 
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building units are linked into {Co(o-phen)(HO3PR)}n chains which are in turn linked to four 
adjacent chains through 1,4-xylyldiphosphonate forming a three-dimensional framework. The 
three-dimensional framework is possible because spatial expansion is achieved as a consequence 
of the para-xylyldiphosphonate anti-configuration of the (HO3P-) groups to supply cavities, 
defined by four {Co2(HO3PR)4} clusters linked through four xylyl tethers, spacious enough to 
house the o-phenanthroline ligands within the framework.  
 Throughout this series of compounds the general principle that adding a secondary imine 
chelate ligand will lower the dimensionality of the structure produced is seen. However, the 
relative ligand size and geometry also play a role as seen in the unique three-dimensional 
structure of 9. Other structural determinants are also at play, such as the coordination at the metal 
center, the M-O-P valence angle, variable aqua coordination and protonation of the phosphonate 
oxygen atoms. Furthermore, reaction conditions such as stoichiometry of reactants, temperature 
and pH also have significant roles in the determination of the structure product and composition.  
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http://www.ccdc.cam.ac.uk.   
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Chapter 4 
 
Metal-Organophosphonate Chemistry: Hydrothermal Syntheses 
and Structures of Metal(II) Xylyldiphosphonates with Organo-
nitrogen Coligands (Metal(II) = Cd, Zn) 
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4.1 Introduction 
 Due to the diversity of their structural chemistry and their potential applications in 
catalysis, optics, sorption, separation and magnetism, organic-inorganic hybrid materials receive 
much attention [1-9]. Polypyridyl and carboxylate ligands have been extensively explored due to 
their metal-binding sites [10-15]. Even though organo-diphosphonate complexes are the 
prototypical organic-inorganic hybrid material, they have not been studied as extensively as 
polypyridyl and carboxylate ligands. The fist reported layered metal-diphosphonate materials 
were reported by Alberti and Clearfield in the 1970s [16-18]. Through their studies and those of 
others in the field, an unusual compositional range and rich structural chemistry has been 
established for these materials [19-34]. 
 The α, ω-alkyldiphosphonates have been studied extensively. Generally these structures 
form three-dimensional materials which are characterized as “pillared layer” compounds. 
“Pillared layer” compounds are constructed from a metal-phosphonate layer, tethered into a 
three-dimensional framework through the diphosphonate ligand. The separations between these 
layers are driven by the tether length of the diphosphonate ligand.  
 We have pursued systematic investigations of metal-diphosphonate chemistry [35-56], 
and recently our attention has turned to the study of xylyldiphosphonate ligands [57-63], 
displayed in Figure 4.1. In an effort to introduce some structural diversity and avoid the typical 
“pillared layer” material, we have exploited secondary imine ancillary ligands such as 2,2’-
bipyridine (2,2’-bpy), o-phenanthroline (o-phen) or tetra-2-pyridinylpyrazine (tpyprz). In this 
study, we present the syntheses and structures of a series of Zn(II) and Cd(II) complexes of 1,2-, 
1,3- and 1,4- xylyldiphosphonates with 2,2’-bpy, o-phen or tpyprz ancillary ligands: [Zn(2,2’-
bpy)(H2O)(1,2-HO3PC8H8PO3H)] (1), [Zn(2,2’-bpy)(1,3-HO3PC8H8PO3H)]·H2O (2·H2O), 
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[Zn(2,2’-bpy)2(1,4-HO3PC8H8PO3H)]·1,4-H2O3PC8H8PO3H2 (3·1,4-H2O3PC8H8PO3H2), [Zn(o-
phen)(1,2-HO3PC8H8PO3H)] (4), [Zn(o-phen)(1,3-HO3PC8H8PO3H)]·H2O (5·H2O), [Zn4(o-
phen)4(1,4-HO3PC8H8PO3)2(1,4-HO3PC8H8PO3H)]·3H2O (6·3H2O), [Zn(tpyprz)(1,2-
HO3PC8H8PO3H)] (7), [Cd(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (8), [Cd(2,2’-bpy)2(1,4-
HO3PC8H8PO3H)]·1,4-H2O3PC8H8PO3H2 (9·1,4-H2O3PC8H8PO3H2), [Cd(o-phen)(1,2-
HO3PC8H8PO3H)] (10), [Cd(o-phen)(1,3-HO3PC8H8PO3H)] (11), and [Cd(o-phen)(1,4-
HO3PC8H8PO3H)] (12). 
 
 
Figure 4.1. The structures of 1,4-xylene diphosphonic acid, 1,3-xylene diphosphonic acid and 
1,2-xylene diphosphonic acid. 
  
4.2 Experimental Section 
All chemicals were used as obtained without further purification with the exception of 
para-xylene diphosphonic acid, ortho-xylene diphosphonic acid and meta-xylene diphosphonic 
acid which were synthesized in a similar fashion to the literature method [65] using their 
respective dibromide starting materials.  Zinc(II) acetate dihydrate (98%), cadmium(II) nitrate 
tetrahydrate (98%), 2,2’-bipyridine (99%), 1, 10-phenanthroline (99%), and  tetra-2-
pyridinylpyrazine (97%) were purchased from Sigma-Aldrich.  All syntheses were carried out in 
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23-mL poly(tetrafluoroethylene)-lined stainless steel containers under autogeneous pressure.  
The pH values of the solutions were measured prior to and after heating using pHydrion vivid 1-
11® pH paper.  Water was distilled above 3.0MΩ in-house using a Barnstead Model 525 
Biopure Distilled Water Center.  
 
4.2.1 Synthesis of [Zn(H2O)(2,2’-bpy)(1,2-HO3PC8H8PO3H)] (1)   
A solution of zinc(II) acetate dihydrate (0.092g, 0.42mmol), 2,2’-bipyridine (0.078g, 0.50mmol), 
o-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 556mmol) in the mole ratio of 
1:1.2:0.7:1324 was stirred briefly before heating to 120°C for 72 hours.  The initial and final pH 
values were 4 and 4, respectively.  Colorless blocks suitable for X-ray diffraction were isolated 
90% yield.  IR (KBr pellet, cm-1): 3422(m), 3105(w), 3073(w), 2913(w), 2775(w), 2344(m), 
1654(w), 1610(m), 1598(m), 1577(w), 1493(m), 1477(m), 1446(m), 1406(w), 1255(m), 
1235(m), 1162(m), 1140(s), 1109(s), 1090(s), 1060(m), 1012(m), 956(m), 938(s), 875(w), 
788(m), 768(s), 734(m), 657(w), 597(m), 517(s), 480(s). Anal. Calc. for C18H20N2O7P2Zn: C, 
42.9; H, 3.97; N, 5.56.  Found: C, 42.6; H, 3.88; N, 5.69%.  
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4.2.2 Synthesis of [Zn(2,2’-bpy)(1,3-HO3PC8H8PO3H)]·H2O (2·H2O)   
A solution of zinc(II) acetate dihydrate (0.10g, 0.46mmol), 2,2’-bipyridine (0.040g, 
0.26mmol), m-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 556mmol) in the 
mole ratio of 1:0.57:0.65:1209 was stirred briefly before heating to 120°C for 48 hours.  The 
initial and final pH values were 2 and 2, respectively.  Colorless blocks suitable for X-ray 
diffraction were isolated in 40% yield.  IR (KBr pellet, cm-1): 3537(m), 3454(s), 3059(w), 
3029(w), 2924(w), 2344(w), 1637(w), 1606(m), 1597(m), 1442(s), 1272(m), 1199(m), 1175(m), 
1125(s), 1046(s), 1022(w), 935(s), 765(s), 736(m), 699(m), 528(s), 482(m). Anal. Calc. for 
C18H20N2O7P2Zn: C, 42.9; H, 3.97; N, 5.56.  Found: C, 43.1; H, 3.67; N, 5.44%.   
 
4.2.3 Synthesis of [Zn(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H 
(3·1,4-HO3PC8H8PO3H)   
A solution of zinc(II) acetate dihydrate (0.092g, 0.42mmol), 2,2’-bipyridine (0.039g, 
0.250mmol), p-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 556mmol) in the 
mole ratio of 1:0.6:0.716:1324 was stirred briefly before heating to 120°C for 72 hours.  The 
initial and final pH values were 3 and 3, respectively.  Colorless blocks suitable for X-ray 
diffraction were isolated in 90% yield.  IR (KBr pellet, cm-1): 3490(s), 3408(s), 3056(w), 
2917(w), 2344(w), 1580(s), 1520(m), 1440(s), 1421(w), 1311(w), 1259(m), 1187(m), 1142(m), 
1080(s), 990(s), 856(m), 771(m), 566(s), 509(s). Anal. Calc. for C36H38N4O12P4Zn: C, 47.6; H, 
4.19; N, 6.17.  Found: C, 47.2; H, 4.27; N, 5.99%.    
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4.2.4 Synthesis of [Zn(o-phen)(1,2-HO3PC8H8PO3H)] (4) 
A solution of zinc(II) acetate dihydrate (0.092g, 0.42mmol), 1,10-phenanthroline (0.039g, 
0.216mmol), o-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 556mmol) in the 
mole ratio of 1:0.51:0.71:1324 was stirred briefly before heating to 120°C for 48 hours.  The 
initial and final pH values were 1 and 1, respectively.  Colorless blocks suitable for X-ray 
diffraction were isolated in 60% yield.  IR (KBr pellet, cm-1): 3434(m), 1422(m), 1237(w), 
1214(m), 1165(w), 1135(s), 1047(w), 1041(s), 937(m), 889(m), 851(m), 791(m), 727(m), 
543(m). Anal. Calc. for C20H18N2O6P2Zn: C, 47.1; H, 3.53; N, 5.49.  Found: C, 47.1; H, 3.62; N, 
5.22%.   
 
4.2.5 Synthesis of [Zn(o-phen)(1,3-HO3PC8H8PO3H)]·H2O (5·H2O)   
A solution of zinc(II) acetate dihydrate (0.10g, 0.46mmol), 1,10-phenanthroline (0.040g, 
0.22mmol), m-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (5mL, 278mmol) in the 
mole ratio of 1:0.48:0.65:604 was stirred briefly before heating to 120°C for 48 hours.  The 
initial and final pH values were 3 and 3, respectively.  Colorless blocks suitable for X-ray 
diffraction were isolated in 30% yield.  IR (KBr pellet, cm-1): 3503(m), 3058(w), 2911(w), 
2368(w), 2344(w), 1637(w), 1623(w), 1607(w), 1586(w), 1517(m), 1489(m), 1427(m), 1267(m), 
1186(m), 1135(s), 1095(m), 1051(s), 931(s), 866(w), 851(m), 807(m), 728(m), 706(m), 58(w), 
594(w), 522(s), 481(m). Anal. Calc. for C20H20N2O7P2Zn: C, 45.5; H, 3.79; N, 5.31.  Found: C, 
45.6; H, 3.57; N, 5.71%.   
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4.2.6 Synthesis of [Zn4(o-phen)4(1,4-HO3PC8H8PO3)2(1,4-HO3PC8H8PO3H)]·3H2O 
(6·3H2O)  
 A solution of zinc(II) acetate dihydrate (0.092g, 0.42mmol), 1,10-phenanthroline 
(0.040g, 0.222mmol), p-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 
556mmol) in the mole ratio of 1:0.53:0.714:1324 was stirred briefly before heating to 120°C for 
72 hours.  The initial and final pH values were 5 and 4, respectively.  Colorless blocks suitable 
for X-ray diffraction were isolated in 90% yield.  IR (KBr pellet, cm-1): 3482(m), 3054(m), 
2908(m), 2344(w), 1660(w), 1623(m), 1579(m), 1513(s), 1425(s), 1250(s), 1200(s), 1162(s), 
1078(s), 933(s), 857(s), 726(s), 596(w), 563(s), 518(m), 467(w). Anal. Calc. for 
C72H68N8O21P6Zn4: C, 47.2; H, 3.72; N, 6.12.  Found: C, 46.6; H, 3.55; N, 6.11%.   
 
4.2.7 Synthesis of [Zn(tpyprz)(1,2-HO3PC8H8PO3H)]  (7)   
A solution of zinc(II) acetate dihydrate (0.092g, 0.42mmol), tetra-2-pyridinylpyrazine 
(0.085g, 0.219mmol), o-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 
556mmol) in the mole ratio of 1:0.52:0.71:1324 was stirred briefly before heating to 120°C for 
72 hours.  The initial and final pH values were 4 and 2, respectively.  Colorless blocks suitable 
for X-ray diffraction were isolated in 80% yield.  IR (KBr pellet, cm-1): 3061(w), 3020(w), 
2970(w), 2921(w), 2737(w), 2362(w), 2344(w), 1587(m), 1517(w), 1541(w), 1446(m), 1401(m), 
1237(m), 1150(s), 1072(s), 1061(s), 1007(m), 926(s), 797(m), 773(s), 744(m), 634(w), 551(m), 
529(s), 494(s). Anal. Calc. for C32H26N6O6P2Zn: C, 53.5; H, 3.62; N, 11.7.  Found: C, 53.6; H, 
3.66; N, 11.5%.    
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4.2.8 Synthesis of [Cd(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (8)    
A solution of cadmium(II) nitrate tetrahydrate (0.098g, 0.317mmol), 2,2’-bipyridine 
(0.071g, 0.46mmol), o-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 
556mmol) in the mole ratio of 1:0.69:0.95:1753 was stirred briefly before heating to 120°C for 
72 hours.  The initial and final pH values were 1 and 1, respectively.  Colorless rods suitable for 
X-ray diffraction were isolated in 90% yield. IR (KBr pellet, cm-1): 3422(m), 3059(m), 2945(m), 
2364(w), 2343(w), 1595(m), 1576(w), 1487(m), 1439(s), 1411(w), 1321(s), 1247(m), 1205(m), 
1174(s), 1078(w), 1052(s), 1034(s), 915(s), 896(m), 805(m), 762(m), 736(m), 700(m), 649(m), 
522(s), 478(m). Anal. Calc. for C18H18N2O6P2Cd: C, 40.5; H, 3.41; N, 5.26.  Found: C, 40.3; H, 
3.41; N, 5.42%.    
 
4.2.9 Synthesis of [Cd(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H 
(9·1,4-HO3PC8H8PO3H) 
 A solution of cadmium(II) nitrate tetrahydrate (0.098g, 0.317mmol), 2,2’-bipyridine 
(0.070g, 0.45mmol), p-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 
556mmol) in the mole ratio of 1:1.42:0.95:1754 was stirred briefly before heating to 120°C for 
72 hours.  The initial and final pH values were 2 and 1, respectively.  Colorless blocks suitable 
for X-ray diffraction were isolated in 90% yield.  IR (KBr pellet, cm-1): 2950(w), 2914(w), 
2373(w), 1650(m), 1565(m), 1470(m), 1279(m), 1254(w), 1139(m), 1125(s), 1100(s), 985(s), 
926(s), 770(s), 736(w), 566(s), 510(m). Anal. Calc. for C36H38N4O12P4Cd: C, 45.2; H, 3.98; N, 
5.86.  Found: C, 44.2; H, 3.88; N, 5.71%.     
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4.2.10 Synthesis of [Cd(o-phen)(1,2-HO3PC8H8PO3H)] (10)   
A solution of cadmium(II) nitrate tetrahydrate (0.098g, 0.317mmol), 1,10-phenanthroline 
(0.042g, 0.23mmol), o-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 
556mmol) in the mole ratio of 1:0.73:0.95:1754 was stirred briefly before heating to 120°C for 
72 hours.  The initial and final pH values were 2 and 2, respectively.  Colorless blocks suitable 
for X-ray diffraction were isolated in 70% yield.  IR (KBr pellet, cm-1): 3447(w), 3054(w), 
2362(w), 1635(w), 1557(w), 1519(w), 1448(w), 1424(m), 1278(m), 1231(m), 1164(w), 1132(s), 
1024(s), 939(m), 890(s), 852(m), 789(m), 728(m), 542(m), 497(m). Anal. Calc. for 
C20H18N2O6P2Cd: C, 43.1; H, 3.23; N, 5.03.  Found: C, 42.6; H, 3.09; N, 4.85%.    
 
4.2.11 Synthesis of [Cd(o-phen)(1,3-HO3PC8H8PO3H)] (11)   
A solution of cadmium(II) nitrate tetrahydrate (0.098g, 0.317mmol), 1,10-phenanthroline 
(0.042g, 0.23mmol), m-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 
556mmol) in the mole ratio of 1:0.73:0.95:1754 was stirred briefly before heating to 120°C for 
72 hours.  The initial and final pH values were 2 and 1, respectively.  Colorless plates suitable 
for X-ray diffraction were isolated in 50% yield.  IR (KBr pellet, cm-1): 3448(m), 3006(w), 
2945(w), 2919(w), 1513(m), 1428(m), 1231(m), 1171(s), 1136(w), 1052(m), 1031(s), 923(s), 
909(s), 850(m), 804(m), 728(s), 698(m), 523(s). Anal. Calc. for C20H18N2O6P2Cd: C, 43.1; H, 
3.23; N, 5.03.  Found: C, 43.3; H, 3.68; N, 4.98%.     
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4.2.12 Synthesis of [Cd(o-phen)(1,4-HO3PC8H8PO3H)] (12)   
A solution of cadmium(II) nitrate tetrahydrate (0.098g, 0.317mmol), 1,10-phenanthroline 
(0.042g, 0.22mmol), p-xylene-diphosphonic acid (0.080g, 0.30mmol), and H2O (10mL, 
556mmol) in the mole ratio of 1:0.69:0.95:1754 was stirred briefly before heating to 120°C for 
72 hours.  The initial and final pH values were 2 and 1, respectively.  Colorless blocks suitable 
for X-ray diffraction were isolated in 50% yield.  IR (KBr pellet, cm-1): 3005(w), 2945(w), 
2367(w), 1573(w), 1513(m), 1443(w), 1428(m), 1231(s), 1190(s), 1052(s), 1029(s), 923(s), 
909(s), 862(m), 728(s), 697(s), 582(w), 575(s), 478(m). Anal. Calc. for C20H18N2O6P2Cd: C, 
43.1; H, 3.23; N, 5.03.  Found: C, 43.4; H, 3.55; N, 5.11%.   
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4.2.13 X-Ray Crystallography 
Crystallographic data for compounds all compounds were collected on a Bruker KAPPA 
APEX DUO diffractometer using Mo-Kα radiation (λ = 0.71073Å) containing an APEX II CCD 
system [64]. All data collections were taken at low temperature (90K).  The data were corrected 
for Lorentz and polarization effects [65], and adsorption corrections were made using SADABS 
[66].  Structures were solved by direct methods.  Refinements for each structure were carried out 
using the SHELXTL crystallographic software [67].  Following assigning all non-hydrogen 
atoms, the models were refined against F2 first using isotropic and then using anisotropic thermal 
displacement parameters.  The hydrogen atoms were introduced in calculated positions and then 
refined isotropically.  Neutral atom scattering coefficients along with anomalous dispersion 
corrections were taken from the International Tables, Vol. C.  Images of the crystal structures 
were generated using CrystalMaker® [68]. Crystallographic details for the structures of 1-12 are 
summarized in Table 4.1. Selected bond lengths and angles for structures 1-12 are displayed in 
Table 4.2.  
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Table 4.2. Selected bond lengths and angles for the compounds of this study.  
Zn(H2O)(2,2’-bpy)(1,2-HO3PC8H8PO3H)] 
(1) 
   
Zn1 O1  
Zn1 O3  
Zn1 N1  
Zn1 O2  
P1 O1  
P1 O5  
P1 O4(H)  
P2 O3  
P2 O6  
P2 O7(H) 
1.9449(12) 
1.9478(11) 
2.1567(15) 
2.1789(12) 
1.5114(12) 
1.5172(13) 
1.5661(13) 
1.5110(12) 
1.5151(13) 
1.5682(13) 
 
O1 Zn1 O3 
O1 Zn1 N2  
O3 Zn1 N2  
O1 Zn1 N1  
O3 Zn1 N1  
N2 Zn1 N1  
O1 Zn1 O2  
O3 Zn1 O2  
N2 Zn1 O2  
N1 Zn1 O2  
 
117.40(5) 
130.94(5)  
111.12(5) 
92.53(5) 
93.23(5) 
77.58(5)   
93.59(5) 
91.70(5)  
91.82(5)   
169.33(5)    
[Zn(2,2’-bpy)(1,3-HO3PC8H8PO3H)] ·H2O  
(2·H2O)  
   
Zn1 O3  
Zn1 O1  
Zn1 O2  
Zn1 N1  
Zn1 N2  
P1 O3  
P1 O1  
P1 O4(H)  
P2 O2  
P2 O5  
P2 O6(H)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.9615(10) 
1.9904(10) 
2.0345(10) 
2.1190(12) 
2.1721(13) 
1.4945(11) 
1.5226(10) 
1.5770(11) 
1.5137(11) 
1.5172(11) 
1.5747(11) 
O3 Zn1 O1  
O3 Zn1 O2  
O1 Zn1 O2  
O3 Zn1 N1  
O1 Zn1 N1  
O2 Zn1 N1  
O3 Zn1 N2  
O1 Zn1 N2  
O2 Zn1 N2  
N1 Zn1 N2  
 
112.21(4) 
93.58(4) 
95.96(4) 
132.65(5) 
113.35(5) 
93.94(5) 
87.60(5) 
95.49(5) 
167.08(5) 
76.01(5) 
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[Zn(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)]      
·1,4-HO3PC8H8PO3H  
(3·1,4-HO3PC8H8PO3H) 
   
Zn1 O1  
Zn1 O1  
Zn1 N2  
Zn1 N2  
Zn1 N1  
Zn1 N1  
P1 O1  
P1 O3 (H) 
P1 O2 (H) 
P2 O6  
P2 O4  
P2 O5(H)  
 
2.0432(11) 
2.0432(12) 
2.1760(13) 
2.1760(13)   
2.1826(13)  
2.1826(13)  
1.4878(12)   
1.5572(12)  
1.5637(12)    
1.5120(12)   
1.5277(12) 
1.5674(12) 
O1 Zn1 O1  
O1 Zn1 N2  
O1 Zn1 N2  
O1 Zn1 N2  
O1 Zn1 N2  
N2 Zn1 N2  
O1 Zn1 N1  
O1 Zn1 N1  
N2 Zn1 N1  
N2 Zn1 N1  
O1 Zn1 N1  
O1 Zn1 N1  
N2 Zn1 N1  
N2 Zn1 N1  
N1 Zn1 N1  
96.63(7) 
87.74(5) 
101.17(5) 
101.17(5) 
87.74(5) 
166.67(7) 
162.95(5) 
87.87(5) 
75.24(5) 
95.41(5) 
87.87(5) 
162.95(5) 
95.41(5) 
75.24(5) 
92.61(7) 
 
[Zn(o-phen)(1,2-HO3PC8H8PO3H)]  (4)    
Zn1 O1  
Zn1 O6  
Zn1 O5  
Zn1 N2  
Zn1 N1  
P1 O3  
P1 O1  
P1 O2(H)  
P2 O6  
P2 O5  
P2 O4(H)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.9666(18) 
1.9877(17) 
2.0573(18) 
2.161(2)      
2.183(2) 
1.5051(18) 
1.5122(19) 
1.586(2) 
1.5039(19) 
1.5274(18) 
1.5691(19) 
O1 Zn1 O6  
O1 Zn1 O5  
O6 Zn1 O5  
O1 Zn1 N2  
O6 Zn1 N2  
O5 Zn1 N2  
O1 Zn1 N1  
O6 Zn1 N1  
O5 Zn1 N1  
N2 Zn1 N1  
104.89(8) 
104.54(7) 
93.96(7) 
106.80(8) 
146.56(8) 
88.28(8) 
105.85(8) 
85.56(8) 
148.66(8) 
75.82(8) 
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[Zn(o-phen)(1,3-HO3PC8H8PO3H)] ·H2O 
(5·H2O)  
   
Zn1 O1  
Zn1 O3  
Zn1 O2  
Zn1 N1  
Zn1 N2  
P1 O1   
P1 O3  
P1 O4(H)  
P2 O2   
P2 O5  
P2 O6(H) 
 
 
1.9452(16) 
1.9815(14) 
2.0309(14) 
2.1248(17) 
2.1781(17) 
1.5043(15) 
1.5068(15) 
1.5717(15) 
1.5076(14) 
1.5193(15) 
1.5814(15) 
O1 Zn1 O3  
O1 Zn1 O2  
O3 Zn1 O2  
O1 Zn1 N1  
O3 Zn1 N1  
O2 Zn1 N1  
O1 Zn1 N2   
O3 Zn1 N2  
O2 Zn1 N2  
N1 Zn1 N2  
 
115.05(7) 
98.46(6) 
93.07(6) 
109.49(7) 
134.55(7) 
88.96(6) 
98.54(6) 
87.93(6) 
160.72(7) 
76.82(6) 
[Zn4(o-phen)4(1,4-HO3PC8H8PO3)2 
(1,4-HO3PC8H8PO3H)] ·3H2O  (6·3H2O)   
   
Zn1 O3  
Zn1 O1  
Zn1 O2  
Zn1 N1  
Zn1 N2  
Zn2 O7  
Zn2 O8  
Zn2 O6  
Zn2 N3  
Zn2 N4  
P1 O1  
P1 O2  
P1 O4(H)  
P2 O5  
P2 O3  
P2 O6  
P3 O8  
P3 O7  
P3 O9(H)  
 
 
 
 
 
 
 
 
 
 
1.9831(15) 
1.9895(16) 
2.0245(16) 
2.1819(19) 
2.184(2) 
1.9320(16) 
1.9721(15) 
2.0430(15) 
2.1827(18) 
2.1847(19) 
1.5045(16) 
1.5109(16) 
1.5742(18) 
1.5160(16) 
1.5411(15) 
1.5421(15) 
1.5056(15) 
1.5062(16) 
1.5529(15) 
O3 Zn1 O1  
O3 Zn1 O2  
O1 Zn1 O2  
O3 Zn1 N1  
O1 Zn1 N1  
O2 Zn1 N1  
O3 Zn1 N2  
O1 Zn1 N2  
O2 Zn1 N2  
N1 Zn1 N2  
O7 Zn2 O8  
O7 Zn2 O6  
O8 Zn2 O6  
O7 Zn2 N3  
O8 Zn2 N3  
O6 Zn2 N3  
O7 Zn2 N4  
O8 Zn2 N4  
O6 Zn2 N4  
N3 Zn2 N4 
99.55(7) 
102.89(6) 
97.80(6) 
98.62(7) 
85.15(7) 
157.44(7) 
123.52(7) 
134.57(7) 
86.87(7) 
75.54(7) 
110.50(7) 
104.87(7) 
95.99(6) 
98.03(7) 
149.30(7) 
87.12(7) 
110.33(7) 
83.56(7) 
142.55(7) 
75.89(7) 
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[Zn(tpyprz)(1,2-HO3PC8H8PO3H)]  (7)    
Zn1 O2  
Zn1 O1  
Zn1 N2  
Zn1 N1  
Zn1 N3  
P1 O3  
P1 O1  
P1 O4(H)  
P2 O5  
P2 O2  
P2 O6(H)  
1.919(3) 
1.926(3) 
2.139(2) 
2.219(3) 
2.220(3) 
1.499(3) 
1.521(3) 
1.563(3) 
1.497(3) 
1.518(3) 
1.569(3) 
O2 Zn1 O1  
O2 Zn1 N2  
O1 Zn1 N2  
O2 Zn1 N1  
O1 Zn1 N1  
N2 Zn1 N1  
O2 Zn1 N3  
O1 Zn1 N3  
N2 Zn1 N3  
N1 Zn1 N3  
112.31(12) 
129.68(14) 
117.88(14) 
89.67(12) 
106.98(13) 
73.19(12) 
109.54(12) 
90.66(12) 
73.91(13) 
146.99(8) 
 
 
[Cd(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (8)  
   
Cd1 O1  
Cd1 O5  
Cd1 O2  
Cd1 O3  
Cd1 N2  
Cd1 N1  
P1 O1  
P1 O3  
P1 O4(H)  
P2 O2  
P2 O5  
P2 O6(H)  
 
2.2092(11) 
2.2550(11) 
2.2748(11) 
2.3265(12) 
2.3565(14) 
2.3722(14) 
1.5019(12) 
1.5108(12) 
1.5823(12) 
1.4972(12) 
1.5273(12) 
1.5768(12) 
O1 Cd1 O5  
O1 Cd1 O2  
O5 Cd1 O2  
O1 Cd1 O3  
O5 Cd1 O3  
O2 Cd1 O3  
O1 Cd1 N2  
O5 Cd1 N2  
O2 Cd1 N2  
O3 Cd1 N2  
O1 Cd1 N1  
O5 Cd1 N1  
O2 Cd1 N1  
O3 Cd1 N1  
N2 Cd1 N1  
107.96(4) 
84.07(4) 
85.80(4) 
86.00(4) 
100.53(4) 
169.50(4) 
161.20(5) 
90.73(4) 
95.61(4) 
92.69(4) 
91.44(4) 
160.00(4) 
91.57(4) 
85.27(4) 
69.76(5) 
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[Cd(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)] · 
1,4-HO3PC8H8PO3H  
(9·1,4-HO3PC8H8PO3H) 
Cd1 O1  
Cd1 O1  
Cd1 N2  
Cd1 N2  
Cd1 N1  
Cd1 N1  
P1 O1  
P1 O3(H)  
P1 O2(H)  
P2 O6  
P2 O5  
P2 O4(H)  
2.2150(12) 
2.2150(13) 
2.3459(15) 
2.3459(15) 
2.3585(15) 
2.3585(15) 
1.4891(13) 
1.5483(12) 
1.5680(12)   
1.5112(13) 
1.5231(12) 
1.5665(13) 
O1 Cd1 O1  
O1 Cd1 N2  
O1 Cd1 N2  
O1 Cd1 N2  
O1 Cd1 N2  
N2 Cd1 N2  
O1 Cd1 N1  
O1 Cd1 N1  
N2 Cd1 N1  
N2 Cd1 N1  
O1 Cd1 N1  
O1 Cd1 N1  
N2 Cd1 N1  
N2 Cd1 N1  
N1 Cd1 N1  
100.81(7) 
88.77(5) 
156.14(5) 
156.14(5)   
88.77(5) 
91.04(8) 
104.40(5) 
86.27(5) 
70.12(5) 
97.94(5)   
86.27(5) 
104.40(5) 
97.94(5) 
70.12(5) 
163.43(7)   
 
[Cd(o-phen)(1,2-HO3PC8H8PO3H)] (10)   
   
Cd1 O3  
Cd1 O1  
Cd1 O2  
Cd1 N1  
Cd1 N2  
P1 O5  
P1 O3  
P1 O4(H)  
P2 O1  
P2 O2  
P2 O6(H) 
2.1528(14) 
2.1712(15) 
2.2194(14) 
2.3140(17) 
2.3242(17) 
1.5021(15) 
1.5022(15) 
1.5798(16) 
1.4986(16) 
1.5227(15) 
1.5614(15) 
O3 Cd1 O1  
O3 Cd1 O2  
O1 Cd1 O2  
O3 Cd1 N1  
O1 Cd1 N1  
O2 Cd1 N1  
O3 Cd1 N2  
O1 Cd1 N2  
O2 Cd1 N2  
N1 Cd1 N2  
 
100.76(6) 
102.77(5) 
98.79(6) 
108.63(6) 
146.80(6) 
89.64(6) 
109.57(6) 
84.18(6)  
146.40(5)  
71.83(6)   
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[Cd(o-phen)(1,3-HO3PC8H8PO3H)] (11) 
Cd1 O5  
Cd1 O1  
Cd1 O2  
Cd1 O3  
Cd1 N1  
Cd1 N2  
P1 O1  
P1 O2  
P1 O4(H)  
P2 O5  
P2 O3  
P2 O6(H)  
 
2.2035(17) 
2.2555(17) 
2.2651(17) 
2.3200(17) 
2.347(2) 
2.390(2) 
1.4917(18)   
1.5210(18) 
1.5709(17)   
1.4937(18)   
1.5065(18)   
1.5816(18)   
O5 Cd1 O1  
O5 Cd1 O2  
O1 Cd1 O2  
O5 Cd1 O3  
O1 Cd1 O3  
O2 Cd1 O3  
O5 Cd1 N1  
O1 Cd1 N1  
O2 Cd1 N1  
O3 Cd1 N1  
O5 Cd1 N2  
O1 Cd1 N2  
O2 Cd1 N2  
O3 Cd1 N2  
N1 Cd1 N2 
85.19(6) 
108.01(6) 
86.11(6) 
86.87(6) 
171.61(6) 
98.95(6) 
161.00(7) 
95.99(7) 
90.98(7) 
90.64(7) 
90.27(7) 
92.64(7) 
161.47(7) 
84.68(7) 
70.74(7) 
 
 
[Cd(o-phen)(1,4-HO3PC8H8PO3H)] (12) 
   
Cd1 O3  
Cd1 O3  
Cd1 O2  
Cd1 O2  
Cd1 N1  
Cd1 N1  
P1 O2  
P1 O3  
P1 O1(H)  
 
2.257(2) 
2.257(2) 
2.273(2) 
2.273(2) 
2.355(3) 
2.355(3) 
1.497(2) 
1.516(2) 
1.570(2) 
O3 Cd1 O3  
O3 Cd1 O2  
O3 Cd1 O2  
O3 Cd1 O2  
O3 Cd1 O2  
O2 Cd1 O2  
O3 Cd1 N1  
O3 Cd1 N1  
O2 Cd1 N1  
O2 Cd1 N1  
O3 Cd1 N1  
O3 Cd1 N1  
O2 Cd1 N1  
O2 Cd1 N1  
N1 Cd1 N1  
 
102.50(11) 
89.14(8) 
89.38(8)   
89.38(8) 
89.14(8)   
177.64(10) 
161.87(8) 
93.81(9) 
99.00(8)  
82.94(8)   
93.81(9)  
161.87(8)  
82.94(8) 
99.00(8)  
71.37(13)       
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4.2.14 Thermal Gravimetric Analysis 
TGA data were collected on a TA instruments Q500 v6.7 Thermogravimetric Analyzer. 
Data was collected on samples that ranged between 5 and 10 mg, ramping the temperature at 
10°C/minute between 25°C to 800°C. 
 
4.3 Results and Discussion 
 
 4.3.1 Synthesis and Infrared Spectroscopy 
Structures (1)-(12) were all synthesized through hydrothermal methods.  All structures 
share the same common feature of phosphonate groups (RPO3), which give IR bands between 
1000-1200cm-1[69].  In structures 2·H2O, 5·H2O, and 6·3H2O where coordinated water is present 
there is a corresponding band around 3100cm-1. 
 
 4.3.2 X-Ray Structures 
The structure of [Zn(2,2’-bpy)(H2O)(1,2-HO3PC8H8PO3H)] (1), shown in Figure 4.2, 
forms a one-dimensional chain.  Instead of forming the common secondary building unit, 
[M2(N~N)2(O,O′-phosphonate)2], a repeating unit of (Zn(II)-diphosphonate)n chains defines the 
structure. The zinc sites are monomeric and are in a distorted trigonal bipyramidal geometry. 
Each zinc center coordinates to two nitrogen atoms from 2,2’-bipyridine, two oxygen atoms, 
each from a different phosphonate ligand, and one water molecule.  The diphosphonate ligand 
bridges two zinc centers together to form a one-dimensional chain. One single oxygen donor at 
each (-PO3) terminus of the ligand binds to the zinc center. Each phosphonate terminus is 
 
protonated at one single oxygen site as is evident by the P
bond distance is 1.514(1)Å, versus the protonated P
 
Figure 4.2.  A mixed polyhedral and ball and stick represen
structure of [Zn(2,2’-bpy)(H2O)(1,2
clarity (Color scheme is the same for all unless otherwise noted: Zinc (dark grey polyhedra), 
phosphorous (yellow polyhedra), 
spheres)). 
 
 When the organo-nitrogen ligand is changed from 2,2’
the two dimensional structure of [Zn(o
representation of the layer is shown in 
structure of [Cd(o-phen)(1,2-HO
secondary building units of [M2(N~N)
bridged to four adjacent secondary building units by the diphosphonate ligand to form a two
dimensional network.  
 Each metal(II) center is in the square pyramidal geometry, coordinating to two nitrogen 
atoms from the organo-nitrogen ligand 
atoms. There are two distinct environments for the phosphonate ligand. 
diphosphonate ligand is a part of the secondary building unit, bridging two metal atoms together, 
160 
-O bond distance.  The average P
-O(H) bond distance of 1.567(1).
tation of the one-dimensional chain 
-HO3PC8H8PO3H)] (1). Hydrogen atoms are not shown for 
oxygen (red spheres), nitrogen (blue spheres), carbon (black 
-bipyridine to 1,10
-phen)(1,2-HO3PC8H8PO3H)] (4) is produced. A 
Figure 4.3. Isomorphous with this structure, is the 
3PC8H8PO3H)] (10).  The structure consists of the usual 
2(O,O′-phosphonate)2]. Each secondary building unit 
1,10-phenanthroline, and three phosphonate oxygen 
One terminus of the 
-O 
 
 
-phenanthroline, 
is 
-
 
forming a dimeric unit. The other terminus of the diphosphonate ligand binds to one single metal 
site. The structure presented here is isomorphous with the previously described [Mn
bpy)(1,2-HO3PC8H8PO3H)], [Mn(o
HO3PC8H8PO3H)].    
 
Figure 4.3. A mixed polyhedral and ball and stick representation of [Zn(o
HO3PC8H8PO3H)]  (4). Hydrogen atoms are not shown for clarity. 
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-phen)(1,2-HO3PC8H8PO3H)] and [Co(o-phen)(1,2
-phen)(1,2
 
(2,2’-
-
 
-
 
 The one dimensional chain of [Zn
is depicted in Figure 4.4, is quite different 
consists of the usual (M2P2O4) ring of [M
zinc(II) metal centers. This linkage provides clusters which are defined as [Zn
bpy)2(RPO3H)4]. These clusters are linked to two adjacent clusters, forming a one
chain. One terminus of the diphosphonate ligand is a part of the (M
two oxygen donor atoms which link two zinc sites. The other terminus of the 
ligand coordinates to one single zinc site. The geometry at the zinc center is square pyramidal 
with coordination to two nitrogen atoms from 2,2’
atoms.  The protonation sites are apparent with the ave
the average P-O(H) bond distance of 1.576(2)Å. 
 
Figure 4.4. Polyhedral representation of the one
HO3PC8H8PO3H)] ·H2O  (2·H2O). Hydrogen atoms and waters of crystallization are not shown 
for clarity.  
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(2,2’-bpy)(1,3-HO3PC8H8PO3H)] ·H2O (
from that of 1. The building unit of this structure 
2(N~N)2(O,O′-phosphonate)2] units which bridge 
2(2,2’
2P2O4) cluster
diphosphonate 
-bipyridine, and three phosphonate oxygen 
rage P-O bond distance of 1.512(2)Å  and 
 
-dimensional chain of [Zn(2,2’-bpy
2·H2O), which 
-
-dimensional 
 and provides 
 
)(1,3-
 
 The 1,10-phenanthroline derivatives of [Zn(o
and [Cd(o-phen)(1,3-HO3PC8H8PO
These structures consist of nearly identical double chains with the organo
projecting above and below the plane to provide a one
5·H2O and 11 are shown below in 
 
Figure 4.5. Polyhedral representation of the structure of [Zn(o
·H2O (5·H2O). Hydrogen atoms and waters of crystallization are not shown for clarity. 
      
Figure 4.6. Polyhedral representation of the structure of [Cd(o
(11). Hydrogen atoms are not shown for clarity.
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-phen)(1,3-HO3PC8H8PO3H)] ·H
3H)] (11) are nearly identical to the structure of 
-nitrogen ligand 
-dimensional chain. The structures of 
Figure 4.5 and Figure 4.6, respectively. 
-phen)(1,3-HO3PC
-phen)(1,3-HO3PC
 
2O (5·H2O) 
2·H2O.  
 
8H8PO3H)] 
 
 
8H8PO3H)] 
 
 Generally ligands with higher denticity, such as tetra
dimensionality structures due to their ability to coordinate to multiple metal centers. How
the case of [Zn(tpyprz)(1,2-HO3PC
ligand is used, a one-dimensional chain structure is observed. The geometry at each zinc(II) 
center is trigonal bipyramidal, with coordination to three 
nitrogen ligand and two phosphonate oxygen atoms, forming (ZnN
units are linked together through the xylyldiphosphonate ligand to produce a one
chain. As in the previously reported one
HO3PC8H8PO3H)] (M = Co, Ni), one end of the tetra
zinc center while the other end is uncoordinated. However, the cobalt and nickel derivatives of 
this structure exhibit a distorted octahedral geometry which result in the common secondary 
building unit of [M2(tpyprz)(O,O’
 
Figure 4.7. Polyhedral representation of the one
HO3PC8H8PO3H)] (7). Hydrogen atoms are not shown for clarity. 
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-2-pyridinylpyrazine, provide higher 
8H8PO3H)] (7), shown in Figure 4.7, when the bidentate 
nitrogen atoms from the organo
3O2) units. These (ZnN
-dimensional structures of [M(tpyprz)(1,2
-2-pyridinylpyrazine is coordinated to the 
-phosphonate)].         
-dimensional chain structure of [Zn(tpyprz)(1,2
 
ever, in 
-
3O2) 
-dimensional 
-
 
-
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 With the use of 1,4-xylyldiphosphonate and the organo-nitrogen ligand of 2,2’-
bipyridine, the isostructural compounds of the formula [M(2,2’-bpy)2(1,4-H2O3PC8H8PO3H2)] 
·1,4-HO3PC8H8PO3H (M = Zn (3·1,4-HO3PC8H8PO3H), Cd (9·1,4-HO3PC8H8PO3H)) are 
produced. These structures consist of one-dimensional chains of [M(N~N)2(1,4-
HO3PC8H8PO3H)] which hydrogen-bond with uncoordinated diphosphonate ligand to form a 
virtually two dimensional structure. Figure 4.8(a) displays a packing image of the structure of 
3·1,4-HO3PC8H8PO3H. The one-dimensional chain of [Zn(2,2’-bpy)2(H2O3PC8H8PO3H2)]
2+ is 
displayed in Figure 4.8(b). These structures are similar to the previously reported 
[M(N~N)2(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H (M = Mn, N~N = 2,2’-bpy; M = Co, 
Ni, and N~N = o-phen). 
 The geometry at each metal center is octahedral, with coordination to four nitrogen atoms 
from two different 2,2’-bipyridine ligands and two phosphonate oxygen atoms, forming 
(MO2N4) units. These units are then bridged into a one-dimensional chain by a fully protonated 
xylyldiphosphonate ligand, therefore, the one-dimensional chain is positively charged yielding 
[Zn(2,2’-bpy)2(H2O3PC8H8PO3H2)]
2+.  The uncoordinated (1,4-HO3PC8H8PO3H)
2- anion acts to 
charge compensate for the cationic chain.   
 The structure expands into a virtual two-dimensional network due to hydrogen bonding 
of the cationic [Zn(2,2’-bpy)2(H2O3PC8H8PO3H2)]
2+ one dimensional chain and the 
uncoordinated  anion of (1,4-HO3PC8H8PO3H)
2- .  An image of the hydrogen bonded two 
dimensional structure is shown in Figure 4.9. The [M(N~N)2]
2+ groups of the layers, which 
interlock to produce a dense phase structure, project above and below the virtual two-
dimensional layer. The protonation sites are evident in the P-O(H) bond distances.        
 
 
Figure 4.8. A polyhedral representation of (
H2O3PC8H8PO3H2)]·1,4-HO3PC8
chain of [Zn(N~N)2(1,4-HO3PC8
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(a) 
(b) 
a) the unit cell packing in [Zn(2,2’-bpy
H8PO3H (3·1,4-HO3PC8H8PO3H) and (b) the one
H8PO3H)]. Hydrogen atoms are not shown for clarity. 
 
 
)2(1,4-
-dimensional 
 
 
Figure 4.9. Polyhedral representation of the hydrogen bonding in 
produces a virtual two-dimensional layer. Hydrogen bonding shown with red dashed lines. 
Hydrogen atoms (with the exception of H
(Color scheme: same as above with hydrogen atoms (pink spheres)). 
 
 With the organo-nitrogen ligand of 2,2’
the two-dimensional structure of [Cd
polyhedral representation of [Cd(2,2’
4.10. The [M2(N~N)  (O,O’-phosphonate)
dimensional structures of 4 and 10
[Cd2(N~N)2(RPO3H)2] run parallel to the 
tethered by the diphosphonate ligand to provide expansion in two dimensions. 
 The Cd(II) sites are in distorted octahedral geometries, yielding (CdO
cadmium site is coordinated to two nitrogen a
oxygen atoms. Each terminus of the phosphonate donates two oxygen atoms to bind two 
cadmium centers together, while the third oxygen atom on each terminus is protonated.     
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3·1,4-HO3PC8
-bonding hydrogen atoms) are not shown for clarity.
  
-bipyridine and 1,3-xylylene diphosphonic acid, 
(2,2’-bpy)(1,3-HO3PC8H8PO3H)] (8) is produced. A 
-bpy)(1,3-HO3PC8H8PO3H)] (8) is displayed in 
2] units formed in 8 are unique from those in the tw
. Rather than forming isolated dimeric units, chains defined as 
a axis. Adjacent [Cd2(N~N)2(RPO3H)2
 
4N2
toms from 2,2’-bipyridine and to four phosphonate 
 
H8PO3H which 
 
Figure 
o-
] chains are 
) units. Each 
 
 
Figure 4.10. Polyhedral representation of the structure of 
(8). Hydrogen atoms are not shown for clarity (Color scheme: same as above with cadmium 
atoms (light purple polyhedra)).  
 
 Of this series of compounds there are two examples of three dimensional compounds, 
formulated [Zn4(o-phen)4(1,4-HO
[Cd(o-phen)(1,4-HO3PC8H8PO3H)] (
zinc, two distinctly different three
 The structure of [Zn4(o-phen)
(6·3H2O), displayed in Figure 4.1
[Zn2(o-phen)2(O,O’-phosphonate)
one dimensional chain. The chains observed in this structure are distinct from the chains formed 
in compounds 8 and 12 which consist of [M
(RPO3H) tetrahedra at each metal site to the two 
168 
[Cd(2,2’-bpy)(1,3-HO
  
3PC8H8PO3)2(1,4-HO3PC8H8PO3H)] ·3H2O  (6
12). Curiously, with a change in the metal from cadmium to 
-dimensional structures are produced. 
4(1,4-HO3PC8H8PO3)2(1,4-HO3PC8H8PO3H)] ·3H
1, is constructed from the common secondary building unit of 
2]. These units are linked through (RPO3) tetrahedra to form a 
2(N~N)(RPO3H)2] units which are linked by two 
adjacent dimeric units of the chain. In effect, 
 
3PC8H8PO3H)] 
·3H2O) and  
2O  
169 
 
each metal(II) site shares a vertex with four phosphonate tetrahedra that are in the protonated 
form (RPO3H). In compound 6·3H2O, each unit of [Zn2(o-phen)2(RPO3Hx)2] (x=0,1) is linked to 
adjacent clusters though a single phosphonate group, (RPO3). This linkage occurs such that each 
zinc site binds to three phosphonate tetrahedra rather than four, as is the case in structures 8 and 
12.           
 The chains of [Zn2(o-phen)2(RPO3Hx)]n (x=0,1) run parallel to the c axis with the 
xylyldiphosphonate tethers coordinating outward along the a and b directions. The 
xylyldiphosphonate tethers link each chain to four adjacent chains and provide adequate channels 
with the dimensions of 11.5Å by 8.4Å which can accommodate the 1,10-phenanthroline organo-
nitrogen ligand.   
 The geometry around each zinc(II) site is square pyramidal, defined as (ZnO3N2). Each 
zinc atom coordinates to two nitrogen atoms from 1,10-phenanthroline and to three phosphonate 
oxygen atoms. There are two unique xylyldiphosphonate ligands, with the first being in the form 
(HO3PC8H8PO3H)
2-. This diphosphonate ligand is aligned parallel to the b axis and bridges two 
zinc sites of the [Zn2(o-phen)2(RPO3H)2] unit at both termini. The second unique 
xylyldiphosphonate ligand is unsymmetrically protonated, providing (1,4-HO3PC8H8PO3)
3- 
groups. One terminus of this diphosphonate ligand acts as a bridge within the [Zn2(o-
phen)2(RPO3H)2] unit and the second terminus is fully deprotonated, bridging two [Zn2(o-
phen)2(RPO3H)2] units of an adjacent chain.     
  
 
Figure 4.11. Depiction of the three
HO3PC8H8PO3)2(1,4-HO3PC8H8PO
of crystallization are not shown for clarity. 
 
 [Cd(o-phen)(1,4-HO3PC8
structure in this series of compounds
phosphonate)2] is again present in this structure. These units fuse into chains, similar to those 
seen in structure 8. However, in the case of structure 
two clusters through the xylyldiphosphonate
to four adjacent chains, forming a three
[M2(O,O’-phosphonate)2] groups 
ligands, are occupied by the organo
incorporated into the organic-inorganic cavities of the three
representations of the structure are shown in 
170 
-dimensional structure of [Zn4(o-phen)4(1,4-
3H)] ·3H2O  (6·3H2O). Hydrogen atoms and 
 
H8PO3H)] (12) is another example of a three-dimensional 
.  The common secondary building unit of [M
12, instead of each cluster being linke
 ligand, the 1,4-xylyldiphosphonate links each chain 
-dimensional framework. Large cavities, formed by four
linked together by four bridging 1,4-xylyldiphosphonate 
-nitrogen ligands. Hence, the 1,10-phenanthroline groups are 
-dimensional material
Figure 4.12(a) and Figure 4.12(b).      
 
water molecules 
2(N~N)(O,O’-
d to 
 
. Polyhedral 
  
 
Figure 4.12. A polyhedral representation of the three
HO3PC8H8PO3H)] (12). Hydrogen atoms are not shown for clarity. 
171 
(a) 
(b) 
-dimensional structure of [Cd(o
 
 
 
-phen)(1,4-
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4.3.3 Thermal Gravimetric Analysis 
The TGA for compound 1 exhibits stability up to ca. 215°C followed by a weight loss of 
ca. 37% at 425°C, attributed to the loss of the 2,2’-bipyridine ligand and the coordinated water 
molecule (35%, theoretical). The compound is then stable up to 580°C, followed by an additional 
weight loss of nearly 10% between 580°C to 600°C. This weight loss is most likely attributed to 
the partial decomposition of the diphosphonate ligand. The amorphous residue, most likely a 
zinc phosphate, is stable from about 610°C to the temperature limit of the scan. Compound 
6·3H2O exhibits similar features in its respective TGA plot.  The TGA plot for compound 1 is 
provided in Figure 4.13. 
Compound 2·H2O displays a weight decrease of about 4% attributed to the loss of the 
water of crystallization (calculated, 4%) between 25°C to 205°C. The compound is then stable 
until 300°C, whereupon from 300°C to 515°C, the organo-nitrogen ligand is gradually lost, as 
shown by a weight loss of 31% (32%, theoretical). At 515°C, a loss in weight of less than 5% is 
observed, which is most likely due to the initial decomposition of the diphosphonate ligand. The 
compound is then relatively stable from 675°C to 800°C. The TGA plot for compound 2·H2O is 
provided in Figure 4.14. 
Compound 3 is stable from 25°C to 210°C, whereupon there is a weight loss of 65% 
between 210°C and 360°C, which is attributed to the decomposition of the organo-nitrogen 
ligands and the hydrogen-bonded diphosphonate ligand (64%, calculated). The amorphous zinc 
phosphate residue is stable to the limit of the run, 800°C. The TGA plot for compound 3 is 
provided in Figure 4.15. 
Compound 4 exhibits stability to 310°C. Between 310°C and 620°C a rapid weight loss is 
observed closely followed by a more gradual weight loss, corresponding to a total of ca. 85% of 
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the original weight of sample. The weight loss is attributed to the decomposition of the organo-
nitrogen ligand, followed by the initial degradation of the diphosphonate ligand.  The amorphous 
residue is stable from 620°C to 800°C. The TGA of compound 7 exhibits similar features to that 
of compound 4. The TGA plot for compound 4 is provided in Figure 4.16.  
Compound 5·H2O experiences a gradual weight loss from 25°C to 200°C of ca. 5% 
attributed to the water of crystallization (calculated, 4%). Subsequently, there is a plateau of 
stability up to about 390°C, which is then followed by a weight loss of 26% in the range of 
390°C to 800°C.  This loss is most likely due to the degradation of the organo-nitrogen ligand, 
followed by the gradual decomposition of the diphosphonate ligand.  The TGA plot for 
compound 5·H2O is provided in Figure 4.17.  
Compound 8 is stable up to about 250°C, and then experiences a weight loss from 250°C 
to 350°C of about 35% attributed to the loss of the organo-nitrogen ligand (30%, calculated). An 
additional weight loss of about 20% occurs between 350°C to 575°C, which is due to the partial 
degradation of the diphosphonate ligand. The compound is then stable from about 575°C to 
800°C. The TGA plots of compounds 9 and 10 exhibit similar features. The TGA plot for 
compound 8 is provided in Figure 4.18. 
Compound 11 is exhibits a gradual weight loss of about 20% between 375°C and 800°C 
which is attributed to the loss of the organo-nitrogen ligand. An amorphous metal-phosphonate 
material remains. The TGA of compound 12 exhibits similar features. The TGA plot for 
compound 11 is provided in Figure 4.19. 
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Figure 4.13.  Thermogravimetric analysis profile for compound 1 in the 25-800oC range.   
 
 
Figure 4.14.  Thermogravimetric analysis profile for compound 2·H2O in the 25-800
oC range.   
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Figure 4.15.  Thermogravimetric analysis profile for compound 3 in the 25-800oC range.   
 
Figure 4.16.  Thermogravimetric analysis profile for compound 4 in the 25-800oC range. 
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Figure 4.17.  Thermogravimetric analysis profile for compound 5·H2O in the 25-800
oC range. 
 
Figure 4.18.  Thermogravimetric analysis profile for compound 8 in the 25-800oC range. 
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Figure 4.19.  Thermogravimetric analysis profile for compound 11 in the 25-800oC range. 
 
4.4 Structural Trends and Observations 
 It is insightful to compare the compounds of this series with the Mn(II), Co(II), Ni(II) and 
Cu(II) series of xylyldiphosphonate compounds [70-71], summarized in Table 4.3. As expected, 
the expectation that organo-nitrogen chelates would reduce the overall dimensionality of the 
structures produced by occupying sites on the coordination sphere of the metal atom was 
realized. Without a secondary chelating ligand, the typical structure observed is the “pillared 
layer” structure, which was seen specifically in the xylyldiphosphonate derivative 
[Cu2(H2O)2(1,4-O3PC8H8PO3)] [70]. However, there were three cases in which three-
dimensional structures were observed which were not derived from the “pillared layer” type but 
from the recurrent {M2(RPO3)2} building unit. The instances of three-dimensional structures 
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include the structures [M(o-phen)(1,4-xdpH2)] (M = Co, Cd) and the unusual [Zn4(o-phen)4(1,4-
xdpH2)(1,4-xdpH3)2] (xdpH2 = xylyldiphosphonic acid). 
 It is significant to note that the multidentate capability of diphosphonate ligands favor the 
formation of insoluble polymeric materials and extended structures [54]. Molecular, zero-
dimensional species, are more rarely encountered. [70]. However, in our studies the molecular 
species encountered were exclusively from the Cu(II) series of xylyldiphosphonate compounds. 
These species display the distinct tendency for the Cu(II) center to adopt the ‘4+1’ axially 
elongated square pyramidal geometry, which is a common structure feature of d9-Jahn-Teller 
distorted complexes.   
 The denticity of the organo-nitrogen chelate results in dramatic structural consequences. 
The ligand tetra-2-pyridinylpyrazine was introduced as a tridentate ligand which was 
binucleating, therefore, it was expected to provide expansion into two or three dimensions. 
However, only the molecular structures of [Cu2(tpyprz)(1,2-HO3PC8H8PO3H)2] ·2H2O and 
[Cu2(H2O)2(tpyprz)(1,4-H2O3PC8H8PO3H)2(1,4-HO3PC8H8PO3H)]·1,4-H2O3PC8H8PO3H2·2H2O, 
and the one-dimensional structures of [M(tpyprz)(1,2- HO3PC8H8PO3H)] (M = Co, Ni, Zn) and 
[Ni2(tpyprz)(1,4-HO3PC8H8PO3H)] were observed.  In all cases but that of [Ni2(tpyprz)(1,4-
HO3PC8H8PO3H)], the tetra-2-pyridinylpyrazine coordinates to the metal center at one single 
arm, with the other remaining pendant.  
 Another structural determinant is the coordination preference of the metal center. For 
example, the one-dimensional structures of [Cu(2,2’-bpy)(1,3-HO3PC8H8PO3H)] and [Cu(o-
phen)(1,3-HO3PC8H8PO3H)] are similar to the Zn(II) and Cd(II) analogues [M(N~N)(1,3- 
HO3PC8H8PO3H)] (N~N = 2,2’-bpy and o-phen) with {MN2O3} square pyramidal coordination 
geometries. These coordination geometries are distinct from the two-dimensional series of 1,3-
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HO3PC8H8PO3H analogues, [M(N~N)(1,3-HO3PC8H8PO3H)] (M = Mn, Co, Ni; N~N = 2,2’-bpy, 
o-phen), where octahedral coordination at the metal center is observed, {MN2O4}. 
 The most predominant geometry exhibited at the metal center in this series of compounds 
is square pyramidal. However, six coordinate geometry is not uncommon. For example, the 
Cd(II) compounds [Cd(2,2’-bpy)(1,2-HO3PC8H8PO3H)] and [Cd(o-phen)(1,4- HO3PC8H8PO3H)] 
show {CdN2O4} octahedral geometry. These structures are constructed from {Cd2(RPO3)2}  
rings which are fused into one-dimensional chains. These structures are similar to those of the 
two-dimensional derivatives [M(N~N)(1,3-HO3PC8H8PO3H)] (M = Mn, Co, Ni and N~N = 2,2’-
bpy and o-phen) where a different xylyl ligand is used. Therefore, despite the use of the 1,3- or 
1,2- xylyldiphosphonate ligand,  the [Cd(2,2’-bpy)(1,2-HO3PC8H8PO3H)] and [M(N~N)(1,3-
HO3PC8H8PO3H)] display similar two-dimensional connectivities. This is generally not the case 
due to the relative position of the HnPO3
- groups resulting in distinct structural motifs. Therefore, 
the two-dimensional networks [M(N~N)(1,2-HO3PC8H8PO3H)] (M = Mn, Co, Cu, Zn, Cd) are 
quite different from the two-dimensional structures of [M(N~N)(1,3- HO3PC8H8PO3H)] (M = 
Mn, Co, Ni) and from the virtual two-dimensional materials of the [M(N~N)2(1,4-
HO3PC8H8PO3H)]·1,4-H2O3PC8H8PO3H2 class.      
 In the absence of crystal field coordination preferences, the d10 Zn(II) compounds display 
coordination modes that approach both the trigonal bipyramidal and square pyramidal idealized 
geometries. As expected, Cd(II) gave a number of compounds with the coordination number 
expanded to six, yielding distorted octahedral geometries of {CdN2O4} and {CdN5O2}. 
 Throughout the series of xylyldiphosphonate structures a number of persistent structural 
prototypes are represented. In the series of one-dimensional compounds, the phases of the type 
[M(N~N)(1,3-HO3PC8H8PO3H)] are observed for Cu(II), Zn(II), and Cd(II) with 2,2’-bipyridine 
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and o-phenanthroline chelating ligands. However, the same overall composition of 
[M(N~N)(1,3-HO3PC8H8PO3H)] yields two dimensional phases for the Mn(II), Co(II) and Ni(II) 
series of compounds. The similarity between both series of compounds is the core building unit, 
the common {M2(di-µ-O,O-phosphonate)2} ring. The difference in dimensionality arises from 
the one-dimensional series exhibiting secondary building units that are tethered into a chain by 
the xylyldiphosphonate, whereas in the two-dimensional series of compounds the rings are 
directly fused into a chain substructure.   
 There are two additional structural motifs for the two-dimensional phases of the 
xylyldiphosphonate compounds, which reflect the xylyl isomer: the [M(N~N)(1,2-
HO3PC8H8PO3H)] and the [M(N~N)2(1,4-HO3PC8H8PO3H)]·1,4-H2O3PC8H8PO3H2 series. The 
first type of compounds which incorporate the 1,2-xylyldiphosphonate ligand again have the 
persistent secondary building unit {M2(di-µ-O,O′-phosphonate)2}. This structural motif is 
observed for all of the metals of this study with the exception of Ni(II) for which no crystalline 
phases with 1,2-xylyldiphosphonate were observed in our experiments. It is interesting to note 
that the one-dimensional compounds incorporating 1,2-xylyldiphosphonate with the general 
formulation of [M(N~N)(1,2-HO3PC8H8PO3H)] were observed with Co(II), Ni(II) and Zn(II) 
compounds. However, the zinc series of compounds provides two distinct structural types. Both 
of these structural types are based off of {Zn(RPO3)2}; however, in one case it is observed with 
2,2’-bipyridine with aqua coordination and in the second case the coordination sphere has a tetra-
2-pyridinylpyrazine ligand.  
 The most unique structural motif throughout the series of xylyldiphosphonate materials is 
the virtual two-dimensional networks with the general formulation of [M(N~N)2(1,4-
HO3PC8H8PO3H]·1,4- H2O3PC8H8PO3H2, where {M(N~N)2(1,4-H2O3PC8PO3H2)} n
2n+  chains are 
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linked into a virtual two-dimensional material through hydrogen-bonding {HO3PC8H8PO3H}
2- 
anions. This series of compounds spans all of the metals investigated with the exception of the 
Cu(II) series due to the specific coordination environment demanded by Cu(II). With the 
exception of the Jan-Teller distorted Cu(II), the other metals of this study readily adopt the 
octahedral geometry required for this structure type.  
 The only three-dimensional structures in this series are observed with 1,4-
xylyldiphosphonate which is able to provide the necessary extension to incorporate the ancillary 
imine ligand in the framework structure. The unique three-dimensional structure is provided by 
[Zn4(o-phen)4(1,4-HO3PC8H8PO3H)(1,4-HO3PC8H8PO3)2] which exhibits two distinct 
protonation modes for the diphosphonate ligand, while adopting a distinctive secondary building 
unit consisting of {M2(di-µ-O,O′-phosphonate)2} clusters which are linked through a sole µ-
O,O′-phosphonate tetrahedra.    
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Table 4.3. Summary of selected structural characteristics of xylyldiphosphonates with M(II)-
organo-nitrogen chelate moieties. 
 
Molecular Speciesa M(II) Coordination Phosphonate 
Bonding 
Metal-Phosphonate 
SBU 
[Cu(H2O)(o-phen) (1,4-
xdpH2)] 
{CuN2O3} square 
pyramidal 
One terminus 
bridges 2 Cu sites; 
one is pendant 
di-µ(O,O′) bridged 
{Cu2(RPO3)2} ring 
[Cu2(H2O)2(2,2’-
bpy)(1,4-xdpH3)2(1,4-
xdpH2)] 
{CuN2O3}square 
pyramidal 
One terminus bonds 
to a single Cu site; 
one is pendant 
{Cu(RPO3)2} unit 
[Cu2(tpyprz)(1,2-
xdpH2)2] 
{CuN2O3} square 
pyramidal 
Each terminus bonds 
to a single Cu site. 
{Cu(RPO3)2} unit 
[Cu4Cl4(tpyprz)2(1,4-
xdpH3)2]Cl2 
{CuN3OCl} square 
pyramidal 
One terminus 
bridges 2 Cu sites; 
one is pendant 
µ(O,O′) bridged 
{Cu2(RPO3)} unit 
[Cu(2,2′-dpa)(1,3-
xdpH2)] 
{CuN2O2} square 
planar 
One terminus 
bridges 2 Cu sites; 
one is pendant 
di-µ(O,O′) bridged 
{Cu2(RPO3)2} ring 
One-Dimensional 
Structures 
   
[Cu2(H2O)2(o-phen)2 
(1,4-xdpH2)] 
{CuN2O3} square 
pyramid 
Each terminus bonds 
to two Cu sites 
di-µ(O,O′) bridged 
{Cu2(RPO3)2} rings 
[Zn(2,2’-bpy)(H2O)(1,2-
xdpH2] 
{ZnN2O3} trigonal 
bipyramid 
Each terminus bonds 
to one Zn site 
{Zn(RPO3)2} unit 
[M(N~N)(1,3-xdpH2] 
M = Cu, N~N = 2,2’-
bpy, o-phen; 
M = Zn, N~N = 2,2’-bpy 
o-phen; 
M = Cd, N~N =  
o-phen 
{MN2O3} square 
pyramid 
One terminus 
bridges two M sites; 
the second bonds to 
a single M site 
di-µ(O,O′) bridged 
{M2(RPO3)2} ring 
[M(tpyprz)(1,2- 
xdpH2)] 
M = Co, Ni 
 
 
M = Zn 
{MN3O3} octahedron 
 
 
 
{MN3O2} trigonal 
 bipyramid 
One terminus 
bridges two M sites; 
the second bonds to 
a single M site 
Each terminus bonds 
to one Zn site 
di-µ(O,O′) bridged 
{M2(RPO3)2 ring 
 
 
{Zn(RPO3)2} unit 
 
[Ni2(tpyprz)(1,4-xdpH2)] {MN3O3} octahedron One terminus 
bridges two Ni sites; 
the second bonds to 
a single Ni site 
di-µ(O,O′) bridged 
{Ni2(RPO3)2 ring 
 
 
Two-Dimensional 
Structures 
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[M(N~N)(1,2-xdpH2)] 
 
M = Mn, Co, Cu, Zn, 
Cd; N~N = o-phen. 
M = Mn;  N~N = 2,2’-
bpy 
{MN2O3} square 
pyramid 
One terminus 
bridges two M sites; 
the second bonds to 
a single M site 
di-µ(O,O′) bridged 
{M2(RPO3)2} ring 
[Cu(N~N)(1,4-xdpH2)] 
 
N~N = 2,2’-bpy 
 
 
 
 
 
 
N~N = o-phen 
{CuN2O3} square 
pyramid  
 
 
 
 
 
 
 
 
{CuN2O3} square 
pyramid 
Each terminus of one 
diphosphonate 
bridges two Cu sites; 
each terminus of a 
second 
diphosphonate bonds 
to one Cu site 
One terminus 
bridges two Cu sites; 
the second bonds to 
a single Cu site. 
di-µ(O,O′) bridged 
{Cu2(RPO3)2 ring 
 
 
 
 
 
 
 
di-µ(O,O′) bridged 
{Cu2(RPO3)2} rings. 
[M(N~N)(1,3-xdpH2)] 
 
M = Mn, Co, Ni;  
N~N = 2,2’-bpy. 
M = Mn, Co Ni;  
N~N = o-phen 
{MN2O4} octahedron Each terminus 
bridges two M sites 
di-µ(O,O′)bridged 
{M2(RPO3)2} rings 
fused into a 1-D 
chain 
[Cd(N~N)(xdpH2)] 
 
N~N = 2,2’-bpy; xdp = 
1,3 xdp 
{Cd(N2O4} 
octahedron 
Each terminus 
bridges two Cd sites 
di-µ(O,O′) bridged 
{Cd2(RPO3)2} rings 
fused into a 1-D 
chain 
[M(N~N)2(1,4-
xdpH2)(1,4-xdpH4)] 
 
M = Mn, Zn, Cd;  
N~N = 2,2’-bpy. 
M = Co, Ni;  
N~N = o-phen 
{M(N4O2} 
octahedron 
Each terminus of one 
diphosphonate bonds 
to one M site; the 
second 
diphosphonate is 
involved in H-
bonding only 
{M(RPO3)2} unit 
Three-dimensional 
Structures 
   
[Zn4(o-phen)4(1,4-
xdpH2)(1,4-xdpH)2] 
{Zn(N2O3)} distorted 
square pyramid 
Each terminus of 
both unique 
diphosphonates 
bridge two Zn sites 
di-µ(O,O′) bridged 
{Zn2(RPO3)2 rings. 
[M(o-phen)(1,4-xdpH2)] 
 
M = Co, Cd 
{MN2O4} octahedron Each terminus bonds 
to two metal sites 
di-µ(O,O′) bridged 
{M2(RPO3)2} rings 
fused into a 1-D 
chain 
a.  xdpH4 = xylyldiphosphonate acid. 
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4.5 Conclusions 
 The methods of hydrothermal synthesis have been used to prepare twelve new 
compounds of the general class of materials M(II)(N~N)/xylyldiphosphonate where M(II) is 
Zn(II) and Cd(II) and N~N represents a chelating organo-nitrogen secondary ligand. By 
incorporating the secondary ligand into the structure, the usual “pillared layer” type structure is 
avoided by reducing the number of available bonding sites on the coordination sphere of the 
metal.  
 As previously observed for the Mn(II), Co(II), Ni(II) and Cu(II) series of materials 
constructed from a xylyldiphosphonate and a secondary organo-nitrogen chelating ligand, the 
structure types that predominate are one- and two-dimensional. Conversely, when the 1,4-
xylyldiphosphonate ligand is used, sufficient spatial extension is provided by the ligand to allow 
the inclusion of the chelating ligands within a three-dimensional framework material, yielding a 
number of examples of novel extended structural motifs which are distinct from the “pillared 
layer” structure prototypes. 
 Throughout the series a number of recurrent structural motifs are observed. These 
structural motifs include the one-dimensional [M(N~N)(1,3-HO3PC8H8PO3H)], the virtual two-
dimensional materials [M(N~N)2(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H, and the two-
dimensional phases of  [M(N~N)(1,2-HO3PC8H8PO3H)] and [M(N~N)(1,3-HO3PC8H8PO3H)]. A 
small series of three-dimensional phases with the general formulation [M(o-phen)(1,4-
HO3PC8H8PO3H)]  has also been observed. It is clear that the xylyldiphosphonate ligand is an 
important structural determinant in the recurrent structural types.           
 The structural diversity which is encountered in the M(II)-organo-nitrogen 
chelate/xylyldiphosphonate general class of compounds also reflects several additional structural 
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determinants. For example, these determinants include the variable coordination polyhedra of the 
metal, variable aqua coordination and also the variable coordination and protonation of the 
phosphonate oxygen atoms. Furthermore, the flexibility of the M-O-P angles along with the 
relative ligand sizes, geometries and denticity play an important role. The most obvious 
structural determinate which effects the final product composition and structure are the reaction 
conditions, including the temperature and pH of the reaction, along with stoichiometry of the 
starting materials.   
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Chapter 5 
 
Solid State Coordination Chemistry of Oxomolybdenum-
Organodiphosphonate Materials: Consequences of Introducing 
Xylyldiphosphonate Components 
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5.1 Introduction 
 The interest in the study of metal-organic frameworks stems from their possible uses in 
applications such as gas storage and separation, molecular electronics and ceramics [1-14]. The 
metal component can lend such properties as thermal stability and magnetism [1-14], whereas 
the organic component lends structural diversity along with properties such as luminescence. The 
combination of the inorganic and organic components provides the groundwork for the synthesis 
of unique, structurally diverse materials. 
 Research using phosphonates as ligands in metal-organic frameworks was pioneered in 
the 1970s by Alberti and Clearfield [15-16]. Since then, interest in the field has blossomed. The 
prototypical structure often encountered in this system is termed the “pillared layer” [17-19]. In 
these structures, metal-phosphonate layers are bridged into a three-dimensional framework 
material through the organic tether of the diphosphonate ligand. In order to develop novel 
structural motifs, a secondary metal complex cation can be introduced into the system. Now, 
instead of a two-component system of a metal and diphosphonate ligand, we move to a system 
which contains a metal, a diphosphonate ligand and a secondary metal complex cation. 
The α, ω-diphosphonates have been studied extensively [20-25]. In the specific case of 
molybdate chemistry, several structural determinants were discovered such as the coordination 
preferences of the secondary metal and the accessibility of peripheral oxo-groups on the common 
molybdophosphonate core cluster. The common building block seen in these materials was the 
{Mo5O15(O3PR)2}
4- core. The exception to this is when methylene diphosphonate was used; in 
these cases the diphosphonate chelates to yield {Mo-O-P-C-P-O} connectivity instead of 
coordinating to adjacent pentamolybdate clusters [25-29]. 
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A series of diphosphonate ligands which have been studied by our group are the 
xylyldiphosphonates. Three different diphosphonate ligands can be synthesized based on the 
starting material used- 1,2-, 1,3-, or 1,4-xylyldiphosphonate. We have completed a survey of the 
metal(II) systems with Cu(II), Mn(II), Co(II), Ni(II), Zn(II) and Cd(II) with the 
xylyldiphosphonate ligands along with a secondary nitrogen chelating ligand [18,30-31]. From 
our studies we have revealed several structural determinants such as the identity of the 
xylyldiphosphonate isomer, the variable protonation of the diphosphonate ligand and the 
configuration of the xylyldiphosphonate ligand (syn or anti). Encouraged by the success in these 
systems of materials we wanted to enhance the structural diversity of the system by considering a 
bimetallic unit, based on molybdate and a secondary divalent metal cation. In this survey of the 
oxomolybdate/xylyldiphosphonate/secondary metal-imine family of materials, several structural 
determinates were considered such as the xylyldiphosphonate ligand used, the identity of the 
secondary metal, the identity of the imine ligand and the substitution of fluoride groups for oxide 
groups.  
From these studies, 14 new materials were isolated. The materials include examples of 
unadorned molybdophosphonate chains with counter-cations including (H24,4’-
dpa)2[Mo5O15(1,2-O3PC8H8PO3)]·H2O (1·H2O), (H24,4’-dpa)2[Mo5O15(1,3-O3PC8H8PO3)] (2),  
[Co(terpy)2](H3O)[Mo5O15(1,4-O3PC8H8PO3)] ·H2O (3·H2O) and (Co(2,2’-bpy)3) 
(H3O)[Mo5O15(1,4-O3PC8H8PO3)]·6H2O (4·6H2O), one-dimensional chains which have the 
common pentamolybdate core, [{Cu(2,2’-bpy)2}2Mo5O15(1,4-O3PC8H8PO3)]·6H2O (5·6H2O), 
[{Cu(o-phen)(H2O)2}2Mo5O15(1,4-O3PC8H8PO3)]·4H2O (6·4H2O) and (H-4,4’bpy)[{Ni(H-4,4’-
bpy)(H2O)4}Mo5O15(1,2-O3PC8H8PO3)]·4H2O (8·4H2O), a material constructed from two unique 
one-dimensional chains containing a modified pentanuclear core [{Cu(o-phen)(H2O)}2(1,4-
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HO3PC8H8PO3H)][Cu(o-phen)(H2O)Mo5O14(OH)(1,4-O3PC8H8PO3)]2 (7), a material containing 
a hexanuclear molybdate building unit, [{Ni(tpyprz)(H2O)}2Mo6O18(H2O)(1,4-
O3PC8H8PO3]·6H2O (9·6H2O), a two-dimensional material which contains an unusual 
tetranuclear molybdate core, [{Ni2(tpyprz)(H2O)4}Mo4O10(1,4-O3PC8H8PO3)2]·4H2O (10·4H2O), 
a three-dimensional network, [{Ni(2,2’-dpa)(H2O)}2Mo5O15(1,4-O3PC8H8PO3)]·2H2O 
(11·2H2O), and three examples of materials which contain fluoride producing an 
oxyfluoromolybdate building unit: the one-dimensional chain of [{Cu(o-
phen)}2Mo2F3O4(OH)(H2O)4(1,3-O3PC8H8PO3)]·H2O (12·H2O), a material which displays two 
unique bimetallic oxyfluoride chains [{Cu(terpy)}2(H2O)(OH)Mo2F4O3(1,2-
O3PC8H8PO3)][{Cu(terpy)(H2O)}Mo2F3O4(1,2-O3PC8H8PO3)]·H2O (13·H2O) and a three 
dimensional material, [{Cu3(2,2’-bpy)2}Mo2F2O4(H2O)2(1,3-O3PC8H8PO3)2] (14). 
    
5.2 Experimental Section 
All chemicals were used as obtained without further purification with the exception of 
para-xylene diphosphonic acid, ortho-xylene diphosphonic acid and meta-xylene diphosphonic 
acid which were synthesized in a similar fashion to the method published in literature using their 
respective dibromide starting materials [32] and 4,4’-dipyridylamine which was synthesized 
according to the literature method [33].  Ammonium molybdate tetrahydrate (99.98%), 
molybdenum(VI) oxide (99.98%), copper(II) acetate monohydrate (98%), cobalt(II) acetate 
tetrahydrate (99.999%), 2,2’-bipyridine (99%), 1,10-phenanthroline (99%), tetra-2-
pyridinylpyrazine (97%), 2,2’:6’,2′′-terpyridine (98%), 2,2’-dipyridylamine (99%), β-alanine 
(99%), sodium hydroxide (99.99%), acetic acid (99.7%) and hydrofluoric acid (48 wt. % in H2O) 
were all purchased from Sigma-Aldrich. Nickel(II) acetate tetrahydrate (98%+) and 4,4’-
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bipyridine (98%) were purchased from VWR.  All syntheses were carried out in 23-mL 
poly(tetrafluoroethylene)-lined stainless steel containers under autogeneous pressure.  The pH of 
the solutions were measured prior to and after heating using pHydrion vivid 1-11® pH paper.  
Water was distilled above 3.0MΩ in-house using a Barnstead Model 525 Biopure Distilled 
Water Center.  
 
5.2.1 Synthesis of (H24,4’-dpa)2[Mo5O15(1,2-O3PC8H8PO3)·H2O (1·H2O) 
A solution of molybdenum(VI) oxide (0.160g, 1.11mmol), copper(II) acetate 
monohydrate (0.137g, 0.69mmol), 4,4’-dipyridylamine (0.039g, 0.23mmol), o-xylene-
diphosphonic acid (0.116g, 0.43mmol), H2O (10mL, 556mmol) and HF (120µL, 3.48mmol) with 
the mole ratio of 1:0.62:0.20:0.39:500:3.14 was stirred briefly before heating to 150°C for 72 
hours.  The initial and final pH values were 1 and 1, respectively.  Yellow blocks suitable for X-
Ray diffraction were isolated in 50% yield.  IR (KBr pellet, cm-1): 3002(w), 1625(m), 1507(s), 
1458(w), 1398(w), 1347(M), 1249(W), 1199(S), 1118(S), 1026(S), 964(S), 898(S), 785(S), 
518(s). Anal. Calc. for C28H32Mo5N6O22P2: C, 25.0; N, 6.24; H, 2.38.  Found: C, 24.8; N, 6.11; 
H, 2.45%. 
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5.2.2 Synthesis of (H24,4’-dpa)2[Mo5O15(1,3-O3PC8H8PO3)] (2) 
A solution of molybdenum(VI) oxide (0.160g, 1.11mmol), nickel(II) acetate tetrahydrate 
(0.171g, 0.69mmol), 4,4’-dipyridylamine (0.039g, 0.23mmol), m-xylene-diphosphonic acid 
(0.116g, 0.43mmol), H2O (10mL, 556mmol) and HF (120µL, 3.48mmol) with the mole ratio of 
1:0.62:0.20:0.39:500:3.14 was stirred briefly before heating to 150°C for 72 hours.  The initial 
and final pH values were 1 and 1, respectively.  Green blocks suitable for X-Ray diffraction were 
isolated in 30% yield.  IR (KBr pellet, cm-1): 3079(s), 1654(s), 1624(s), 1506(s), 1347(s), 
1210(m), 1201(s), 1105(m), 1095(s), 977(s), 914(s), 688(s), 504(s). Anal. Calc. for 
C28H30Mo5N6O21P2: C, 25.3; N, 6.32; H, 2.25.  Found: C, 25.4; N, 6.14; H, 2.37%.  
 
5.2.3 Synthesis of (Co(terpy)2)(H3O)[Mo5O15(1,4-O3PC8H8PO3)]·H2O (3·H2O) 
A solution of molybdenum(VI) oxide (0.196g, 1.36mmol), cobalt(II) acetate tetrahydrate 
(0.106g, 0.43mmol), 2,2’:6’,2′′-terpyridine (0.047g, 0.2mmol), p-xylene-diphosphonic acid 
(0.064g, 0.24mmol), H2O (10mL, 556mmol) and HF (200µL, 5.8mmol) with the mole ratio of 
1:0.32:0.147:0.176:409:4.26 was stirred briefly before heating to 120°C for 48 hours.  The initial 
and final pH values were 1 and 1, respectively.  Orange blocks suitable for X-Ray diffraction 
were isolated in 50% yield.  IR (KBr pellet, cm-1): 3466(m), 3077(m), 1605(m), 1480(m), 
1452(m), 1251(w), 1147(w), 1110(s), 1073(s), 981(m), 952(m), 929(s), 895(s), 771(m), 701(s), 
572(m), 524(m). Anal. Calc. for C38H35CoMo5N6O23P2: C, 29.5; N, 5.44; H, 2.27.  Found: C, 
29.1; N, 5.33; H, 2.37%.  
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5.2.4 Synthesis (Co(2,2’-bpy)3)(H3O)[Mo5O15(1,4-O3PC8H8PO3)]·6H2O (4·6H2O) 
A solution of molybdenum(VI) oxide (0.172g, 1.19mmol), cobalt(II) acetate tetrahydrate 
(0.084g, 0.34mmol), 2,2’-bipyridine (0.039g, 0.25mmol), p-xylene-diphosphonic acid (0.146g, 
0.55mmol), and H2O (10mL, 556mmol) with the mole ratio of 1:0.29:0.21:0.46:467 was stirred 
briefly before heating to 120°C for 48 hours.  The initial and final pH values were 3 and 2, 
respectively.  Orange rods suitable for X-Ray diffraction were isolated in 20% yield.  IR (KBr 
pellet, cm-1): 3477(m), 3050(m), 2911(w), 1577(m), 1316(w), 1260(w), 1203(w), 1150(w), 
1120(m), 981(s), 932(s), 850(w), 813(w), 768(w), 711(m), 594(m), 508(m). Anal. Calc. for 
C38H47CoMo5N6O28P2: C, 27.8; N, 5.14; H, 2.9.  Found: C, 28.2; N, 5.22; H, 3.21%. 
 
5.2.5 Synthesis of [{Cu(2,2’-bpy)2}2Mo5O15(1,4-O3PC8H8PO3)]·6H2O (5·6H2O) 
A solution of molybdenum(VI) oxide (0.084g, 0.583mmol), copper(II) acetate 
monohydrate (0.049g, 0.245mmol), 2,2’-bipyridine (0.047g, 0.300mmol), p-xylene-
diphosphonic acid (0.082g, 0.30mmol), β-alanine (0.156g, 1.75mmol), H2O (10mL, 556mmol) 
and acetic acid (200µL, 3.49mmol) with the mole ratio of 1:0.42:0.51:0.51:3:954:6 was stirred 
briefly before heating to 150°C for 72 hours.  The initial and final pH values were 4 and 4, 
respectively. Blue blocks suitable for X-Ray diffraction were isolated in 70% yield.  IR (KBr 
pellet, cm-1): 3447(m), 3077(w), 1654(w), 1598(m), 1560(m), 1442(m), 1128(s), 1030(m), 
968(m), 924(s), 892(s), 846(m), 820(m), 773(s), 682(s), 566(s). Anal. Calc. for 
C48H52Cu2Mo5N8O27P2: C, 31.3; N, 6.08; H, 2.82.  Found: C, 31.3; N, 5.77; H, 3.14%. 
 
198 
 
5.2.6 Synthesis of [{Cu(o-phen)(H2O)2}2Mo5O15(1,4-O3PC8H8PO3)]·4H2O (6·4H2O) 
and [{Cu(o-phen)(H2O)}2(1,4-HO3PC8H8PO3H)][Cu(o-phen)(H2O)Mo5O14(OH) 
(1,4-O3PC8H8PO3)]2 (7) 
A solution of molybdenum(VI) oxide (0.172g, 01.19mmol), copper(II) acetate 
monohydrate (0.094g, 0.47mmol), 1,10-phenanthroline (0.046g, 0.26mmol), p-xylene-
diphosphonic acid (0.142g, 0.53mmol), and H2O (10mL, 556mmol) with the mole ratio of 
1:0.39:0.22:0.45:467 was stirred briefly before heating to 120°C for 48 hours.  The initial and 
final pH values were 4 and 2, respectively.  Green blocks and green-blue blocks suitable for X-
Ray diffraction were isolated in 10% and 5% yield, respectively.  IR (KBr pellet, cm-1): 
(6·4H2O) 3477(s), 3233(s), 3057(s), 2911(m), 1637(m), 1509(m), 1260(m), 1202(m), 1144(s), 
1106(s), 1036(s), 996(s), 934(s), 719(w), 669(w), 595(s), 549(s), 512(w). Anal. Calc. for 
C32H40Cu2Mo5N4O29P2: C, 23.8; N, 3.47; H, 2.50.  Found: C, 23.6; N, 3.55; H, 2.39%. (7) 
3234(s), 3056(s), 1560(w), 1522(m), 1508(w), 1427(m), 1189(m), 1142(m), 1104(s), 1067(s), 
1041(s), 988(s), 941(s), 909(s), 762(m), 718(s), 565(s). Anal. Calc. for C36H34Cu2Mo5N4O26P3: 
C, 26.4; N, 3.42; H, 2.08.  Found: C, 26.8; N, 3.62; H, 2.29%.  
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5.2.7 Synthesis of (H-4,4’-bpy)[{Ni(H-4,4’-bpy)(H2O)4}Mo5O15(1,2-
O3PC8H8PO3)]·4H2O (8·4H2O) 
A solution of molybdenum(VI) oxide (0.160g, 1.11mmol), nickel(II) acetate tetrahydrate 
(0.110g, 0.44mmol), 4,4′-bipyridine (0.035g, 0.22mmol), o-xylene-diphosphonic acid (0.116g, 
0.43mmol), H2O (10mL, 556mmol) and HF (120µL, 3.48mmol) with the mole ratio of 
1:0.40:0.20:0.39:501:3.14 was stirred briefly before heating to 200°C for 48 hours.  The initial 
and final pH values were 1 and 1, respectively. Green blocks suitable for X-Ray diffraction were 
isolated in 90% yield.  IR (KBr pellet, cm-1): 3220(s), 1637(m), 1608(m), 1489(s), 1410(m), 
1232(m), 1158(m), 1133(m), 1109(s), 1036(s), 973(s), 903(s), 662(s) 499(s). Anal. Calc. for 
C28H42Mo5N4NiO29P2: C, 22.1; N, 3.74; H, 2.80.  Found: C, 22.1; N, 3.51; H, 2.75%. 
 
5.2.8 Synthesis of [{Ni(tpyprz)(H2O)}2Mo6O18(H2O)(1,4-O3PC8H8PO3]·6H2O 
(9·6H2O) 
A solution of ammonium molybdate tetrahydrate (0.133g, 0.108mmol), nickel(II) acetate 
tetrahydrate (0.123g, 0.49mmol), tetra-2-pyridinylpyrazine (0.098g, 0.252mmol), p-xylene-
diphosphonic acid (0.115g, 0.43mmol), H2O (10mL, 556mmol) and acetic acid (217µL, 
3.79mmol) with the mole ratio of 1:4.5:2.3:4:5148:35 was stirred briefly before heating to 180°C 
for 6 days.  The initial and final pH values were 3 and 3, respectively.  Orange blocks suitable for 
X-Ray diffraction were isolated in 25% yield.  IR (KBr pellet, cm-1): 3447(s), 3050(s), 1706(m), 
1654(m), 1596(m), 1474(m), 1400(s), 1215(m), 1153(m), 1101(m), 1079(m), 1052(s), 1017(w), 
956(s), 916(s), 887(s), 804(m), 764(m), 683(s), 559(s). Anal. Calc. for C56H58Mo6N12Ni2O33P2: 
C, 30.8; N, 7.70; H, 2.66.  Found: C, 30.9; N, 7.32; H, 2.44%.  
 
200 
 
5.2.9 Synthesis of [{Ni2(tpyprz)(H2O)4}Mo4O10(1,4-O3PC8H8PO3)2]·4H2O (10·4H2O) 
A solution of ammonium molybdate tetrahydrate (0.134g, 0.108mmol), nickel(II) acetate 
tetrahydrate (0.123g, 0.49mmol), tetra-2-pyridinylpyrazine (0.818g, 2.105mmol), p-xylene-
diphosphonic acid (0.163g, 0.613mmol), H2O (10mL, 556mmol) and acetic acid (207µL, 
3.62mmol) with the mole ratio of 1:4.5:19.5:5.7:5148:33.5 was stirred briefly before heating to 
180°C for 6 days.  The initial and final pH values were 3 and 2, respectively. Green blocks 
suitable for X-Ray diffraction were isolated in 15% yield.  IR (KBr pellet, cm-1): 3245(s), 
3050(s), 1654(m), 1406(m), 1316(w), 1290(m), 1208(m), 1156(s), 1112(s), 1065(s), 1065(s), 
1028(s), 1018(s), 985(s), 940(m), 925(m), 897(s), 812(m), 699(s), 612(m), 507(m). Anal. Calc. 
for C20H24Mo2N3NiO15P2: C, 27.9; N, 4.89; H, 2.79.  Found: C, 27.7; N, 4.81; H, 2.61%.     
 
5.2.10 Synthesis of [{Ni(2,2’-dpa)(H2O)}2Mo5O15(1,4-O3PC8H8PO3)]·2H2O 
(11·2H2O) 
A solution of molybdenum(VI) oxide (0.172g, 1.19mmol), nickel(II) acetate tetrahydrate 
(0.117g, 0.47mmol), 2,2’-dipyridylamine (0.045g, 0.263mmol), p-xylene-diphosphonic acid 
(0.142g, 0.53mmol), and H2O (10mL, 556mmol) with the mole ratio of 1:0.39:0.22:0.45:467 was 
stirred briefly before heating to 120°C for 48 hours.  The initial and final pH values were 3 and 
2, respectively.  Green blocks suitable for X-Ray diffraction were isolated in 10% yield.  IR 
(KBr pellet, cm-1): 3321(m), 3254(m), 3220(m), 3157(w), 3099(w), 1647(s), 1590(s), 1558(m), 
1537(m), 1481(s), 1453(m), 1436(m), 1422(w), 1234(m), 1158(m), 1104(s), 1064(w), 1029(m), 
970(s), 912(s), 858(s), 568(s). Anal. Calc. for C28H34Mo5N6Ni2O25P2: C, 22.2; N, 5.55; H, 2.25.  
Found: C, 21.7; N, 5.09; H, 2.44%. 
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5.2.11 Synthesis of [{Cu(o-phen)}2Mo2F3O4(OH)(H2O)4(1,3-O3PC8H8PO3)]·H2O 
(12·H2O) 
A solution of molybdenum(VI) oxide (0.172g, 1.19mmol), copper(II) acetate 
monohydrate (0.094g, 0.47mmol), 1,10-phenanthroline (0.069g, 0.383mmol), m-xylene-
diphosphonic acid (0.142g, 0.533mmol), H2O (10mL, 556mmol) and HF (500µL, 14.5mmol) 
with the mole ratio of 1:0.395:0.322:0.45:467:12.2 was stirred briefly before heating to 135°C 
for 72 hours.  The initial and final pH values were 1 and 1, respectively. Blue blocks suitable for 
X-Ray diffraction were isolated in 90% yield.  IR (KBr pellet, cm-1): 3458(s), 3068(m), 2896(s), 
1654(m), 1636(m), 1627(m), 1607(m), 1519(m), 1490(m), 1426(s), 1239(w), 1147(s), 1050(s), 
999(s), 943(s), 904(s), 873(w), 846(m), 807(w), 722(s), 708(m), 649(m), 554(s). Anal. Calc. for 
C32H35Cu2F3Mo2N4O16P2: C, 32.8; N, 4.89; H, 2.99.  Found: C, 32.7; N, 5.09; H, 3.26%. 
 
5.2.12 Synthesis of [{Cu(terpy)}2(H2O)(OH)Mo2F4O3(1,2-O3PC8H8PO3)] 
[{Cu(terpy)(H2O)}Mo2F3O4(1,2-O3PC8H8PO3)]·H2O (13·H2O) 
A solution of molybdenum(VI) oxide (0.122g, 0.85mmol), copper(II) acetate 
monohydrate (0.207g, 1.036mmol), 2,2′:6′,2′′-terpyridine (0.112g, 0.48mmol), o-xylene-
diphosphonic acid (0.055g, 0.207mmol), H2O (5mL, 278mmol) and HF (250µL, 7.25mmol) with 
the mole ratio of 1:1.22:0.56:0.24:327:8.53 was stirred briefly before heating to 135°C for 4 
days.  The initial and final pH values were 1 and 1, respectively. Green rods suitable for X-Ray 
diffraction were isolated in 5% yield.  IR (KBr pellet, cm-1): 3447(m), 3085(w), 1602(m), 
1577(m), 1475(m), 1449(m), 1174(w), 1123(s), 1083(m), 1022(m), 982(m), 964(m), 934(s), 
895(s), 776(s), 572(m), 528(m). Anal. Calc. for C61H56Cu3F7Mo4N9O24P4: C, 34.39; N, 5.92; H, 
2.65.  Found: C, 34.5; N, 5.82; H, 2.45%.  
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5.2.13 Synthesis of [{Cu3(2,2’-bpy)2}Mo2F2O4(H2O)2(1,3-O3PC8H8PO3)2] (14) 
A solution of molybdenum(VI) oxide (0.122g, 0.85mmol), copper(II) acetate 
monohydrate (0.207g, 1.036mmol), 2,2’-bipyridine (0.075g, 0.48mmol), m-xylene-diphosphonic 
acid (0.055g, 0.207mmol), H2O (5mL, 278mmol) and HF (250µL, 7.25mmol) with the mole 
ratio of 1:1.22:0.56:0.24:327:8.53 was stirred briefly before heating to 135°C for 4 days.  The 
initial and final pH values were 1 and 1, respectively. Blue blocks suitable for X-Ray diffraction 
were isolated in 70% yield.  IR (KBr pellet, cm-1): 3401(m), 3082(m), 1685(w), 1654(w), 
1589(m), 1560(w), 1473(w), 1439(m), 1231(m), 1155(m), 1054(m), 1023(m), 959(s), 931(s), 
885(s), 769(m), 727(m), 703(w), 593(w), 520(m). Anal. Calc. for C36H36Cu3F2Mo2N4O18P4: C, 
31.8; N, 4.13; H, 2.65.  Found: C, 32.3; N, 4.00; H, 2.49%.   
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5.2.14 X-Ray Crystallography 
Crystallographic data for compounds all compounds were collected on a Bruker KAPPA 
APEX DUO diffractometer using Mo-Kα radiation (λ = 0.71073Å) containing an APEX II CCD 
system [34]. All data collections were taken at low temperature (90K).  The data were corrected 
for Lorentz and polarization effects [35], and adsorption corrections were made using SADABS 
[36].  Structures were solved by direct methods.  Refinements for each structure were carried out 
using the SHELXTL crystallographic software [37].  Following assigning all non-hydrogen 
atoms, the models were refined against F2 first using isotropic and then using anisotropic thermal 
displacement parameters.  The hydrogen atoms were introduced in calculated positions and then 
refined isotropically.  Neutral atom scattering coefficients along with anomalous dispersion 
corrections were taken from the International Tables, Vol. C.  Images of the crystal structures 
were generated using CrystalMaker® [38]. Crystallographic details for the structures of 1-14 are 
summarized in Table 5.1. Table 5.2 provides average bond lengths (Å) for compounds 1-11 and 
Table 5.3 provides average bond lengths (Å) for the oxyfluoride compounds of the series, 12-14.  
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5.2.15 Magnetism 
Magnetic measurements were performed on a Quantum Design SQUID, MPMS-XL 
magnetometer. Magnetic susceptibility measurements for the complexes of this study were 
carried out in the direct current (dc) mode in an applied field of 0.1 T in the 2–300 K range. The 
measurements were performed on polycrystalline samples of compound at 1000 Oe. Magnetic 
data obtained for samples were corrected for diamagnetic contributions by the use of the Pascal 
constants. 
 
5.2.16 Thermal Gravimetric Analysis 
TGA data were collected on a TA instruments Q500 v6.7 Thermogravimetric Analyzer. 
Data was collected on samples that ranged between 5 and 15 mg, ramping the temperature at 
10°C/minute between 25°C to 800°C. 
 
5.3 Results and Discussion 
 
 5.3.1 Synthesis and Infrared Spectroscopy 
 Hydrothermal synthesis is a routine method for the synthesis of hybrid metal-organic 
framework materials [39-45]. The composition of the final product produced is dependent on 
many factors including the temperature, and therefore the pressure, at which the reaction is 
carried out at, the pH of the reaction mixture, the presence or absence of structure-directing 
cations and the use of mineralizers or solubilizing reagents. The reactions of this study were 
optimized through varying stoichiometries. Furthermore, the addition or exclusion of 
mineralizers such as hydrofluoric acid had an effect on the final product produced. All of the 
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reactions of this study were carried out in acidic pH ranges (1.0-4.0) which generally favors the 
formation of pentamolybdate clusters.   
 Compounds 1-11 of this study were synthesized from MoO3, the appropriate M(II) salt, 
an imine ligand, a xylenediphosphonic acid and water. To effect crystallization, a number of the 
reactions included the addition of an acid mineralizer (HF) or acetic acid to adjust the pH.  
 With the addition of stoichiometric amounts of hydrofluoric acid from 4:1 (relative to the 
molybdenum concentration) to 8:1 or 12:1, fluoride incorporation into the structure was seen for 
structures 12-14. As compared to the structural chemistry of oxyfluorovanadates [46], 
polyoxofluoromolybdates remain a relatively unexplored area of molybdate chemistry [47-52].  
   The infrared spectra of all of the compounds of this study display two medium to strong 
bands in the 850 to 940 cm-1 range attributed to the symmetric and antisymmetric stretching 
frequencies of the cis-{MoO2} units. Medium to strong features are observed for compounds 1-
11 in the 650-770 cm-1 which are assigned to the υ(Mo-O-Mo). The υ(P-O) bands attributed to 
the phosphonate ligands [53-54] are seen in the series of three medium-intensity bands in the 
960-1200 cm-1 range. Prominent bands in the 1400-1650 cm-1 area are assigned to the imine 
ligands.       
 
5.3.2 X-Ray Structures 
Of the fourteen structures presented in this study, compounds 1-11 are build from the 
common {Mo5O15(O3PR)2}
4- building block. Structures 12-14 are oxyfluoronated derivatives, 
and therefore, their building blocks vary from compounds 1-11, however, the charge on the 
molybdenum sites in all cases is Mo(VI). 
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The first four compounds presented in this work, (H24,4’-dpa)2[Mo5O15(1,2-
O3PC8H8PO3)·H2O (1·H2O), (H24,4’-dpa)2[Mo5O15(1,3-O3PC8H8PO3)] (2), 
(Co(terpy)2)(H3O)[Mo5O15(1,4-O3PC8H8PO3)]·H2O (3·H2O) and (Co(2,2’-
bpy)3)(H3O)[Mo5O15(1,4-O3PC8H8PO3)]·6H2O (4·6H2O) all exhibit isolated chains with a 
charge-balancing counter-cation. The chain in each structure is described as 
{Mo5O15(O3PC8H8PO3)} n
4n− , with the xylyldiphosphonate either the 1,2-, 1,3- or 1,4- isomer. 
The chains, which are common in molybdophosphonate compounds, are built from 
oxomolybdenum-organophosphonate clusters which are linked together through the 
xylyldiphosphonate tether. The chain components of compounds 1·H2O, 2, 3·H2O and 4·6H2O 
are displayed in Figure 5.1. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. The {Mo5O15(1,4-O3
O3PC8H8PO3)·H2O (1·H2O), (b) (H
(Co(terpy)2)(H3O)[Mo5O15(1,4-O
bpy)3)(H3O)[Mo5O15(1,4-O3PC8H
of crystallization are removed for clarity 
noted: molybdenum (green polyhedra), phosphorous (yellow polyhedra), oxygen (red spheres), 
nitrogen (blue spheres), carbon (black spheres)).
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(a) 
(b) 
(c) 
(d) 
PC8H8PO3)} n
4n− chain of (a) (H24,4’-dpa)2[Mo5O
24,4’-dpa)2[Mo5O15(1,3-O3PC8H8PO3)] (2), (
3PC8H8PO3)]·H2O (3·H2O) and (d) (Co(2,2’-
8PO3)]·6H2O (4·6H2O). Hydrogen atoms are water molecules 
(Color scheme is the same for all unless otherwise 
 
 
 
 
 
15(1,2-
c) 
213 
 
 The cluster in the {Mo5O15(O3PC8H8PO3)} n
4n−  chains is comprised of five {MoO6} 
octahedra which are coordinated to one another through four edge-sharing and one corner-
sharing interaction. On both faces of the molybdate ring there is a tetrahedral {O3PR}
2- group, 
which each share three oxygen termini with the molybdate ring. Off of each phosphorous site 
there are two oxygen atoms which bridge two molybdenum sites while the third oxygen terminus 
bridges to a single molybdenum site. Due to the xylyldiphosphonate ligand used, there are minor 
differences within the phosphomolybdate substructures in compounds 1-4. 
 As would be expected, the 1,2-, 1,3-, and 1,4-xylyldiphosphonate structures in 
compounds 1-3, respectively, display increasing distances between the centroids of the building 
unit, {Mo5O15(O3PR)2}
4-. The distance between the centroids in compound 1 where 1,2-
xylyldiphosphonate is used is 9.2Å, when the 1,3- derivative is used the distance is 9.5Å, and 
finally, when the 1,4- derivative is used the distance between the centroids of the building unit is 
10.9Å. Furthermore, whereas the one-dimensional chains present in 1, 3, and 4 display small 
deviations in the phosphorous atom positions compared to an idealized chain axis, the one-
dimensional chain in compound 2 displays pronounced spiraling about the chain axis when 
viewed down the b axis (Figure 5.2). 
   
  
 
Figure 5.2. Mixed polyhedral and ba
chains in compound 2 down the b
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ll and stick view of the {Mo5O15(1,3-O3PC8
 axis. Hydrogen atoms are removed for clarity. 
 
H8PO3)}
2- 
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 The chains present in both compounds 1·H2O and 2 align parallel to the c-axis, with 
uncoordinated H2dpa
2+ cations hydrogen-bonding to the anionic chains. In compound 3·H2O the 
chains align parallel to one another with interdigitating xylyldiphosphonate groups in the bc 
plane with the {Co(terpy)2}
3+ groups residing in the openings between the virtual planes of 
phosphomolybdate chains. Charge balance considerations dictate that there be a hydronium ion, 
H3O
+, to charge compensate. Two water molecules of crystallization were found 
crystallographically, however, the resolution was not great enough to discern one of them as a 
water molecule and one as a hydronium cation. Therefore, the hydronium cation could not be 
unambiguously assigned. A mixed polyhedral and ball and stick representation of 3·H2O viewed 
down the c-axis is provided in Figure 5.3. 
 
 
 
Figure 5.3. Mixed polyhedral and ball and stick representation of 
axis. Hydrogen atoms and waters of crystallization removed for 
above with cobalt atoms (purple polyhedra)). 
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3·H2O viewed down the 
clarity (Color scheme: same as 
 
 
c-
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 The structure of compound 4·6H2O is constructed from building units that are nearly the 
same as compound 3·H2O. Compound 4·6H2O consists of {Mo5O15(1,4- O3PC8H8PO3)} n
4n−  
chains with hydronium and {Co(2,2’-bpy)3}
3+ countercations to charge compensate. Essentially, 
in place of {Co(terpy)2}
3+ , the cations are now {Co(2,2’-bpy)3}
3+. Even though both structures 
are quite similar in their construction, the details of the structures are quite different. The first 
difference can be seen when examining the {Mo5O15(1,4-O3PC8H8PO3)} n
4n−  chains. In 
compound 3·H2O the phenyl rings of the xylyldiphosphonate ligands align parallel in orientation, 
whereas in compound 4·6H2O the adjacent phenyl rings tilt toward one another at an angle of 
around 84°. Due to the tilt, the cluster components of the chains create a discrete folding of the 
chain along its axis. Resulting from the folding of the chain, the {Co(2,2’-bpy)3}
3+ cations 
occupy the vacancies provided by the folding of adjacent chains. Therefore, the packing of 
compound 3·H2O (Figure 5.3) is quite different from the packing in compound 4·6H2O (Figure 
5.4).       
 
Figure 5.4. Mixed polyhedral and ball and stick representation of the packing in compound 
4·6H2O. Hydrogen atoms and water molecules of crystallization are removed for clarity.
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 In addition to the one dimensional chains of 1-4, the compounds of [{Cu(2,2’-
bpy)2}2Mo5O15(1,4-O3PC8H8PO3)]·6H2O (5·6H2O), [{Cu(o-phen) (H2O)2}2Mo5O15(1,4-
O3PC8H8PO3)]·4H2O (6·4H2O), [{Cu(o-phen)(H2O)}2(1,4-HO3PC8H8PO3H)][Cu(o-
phen)(H2O)Mo5O14(OH)(1,4-O3PC8H8PO3)]2 (7), (H-4,4’bpy)[{Ni(H-4,4’-bpy)(H2O)4} 
Mo5O15(1,2-O3PC8H8PO3)]·4H2O (8·4H2O) and [{Ni(tpyprz) (H2O)}2Mo6O18(H2O) (1,4-
O3PC8H8PO3] ·  6H2O (9·6H2O) are also one-dimensional. However, unlike compounds 1-4 
which have unadorned molybdophosphonate chains, compound 6-9 have chains which are 
decorated by a secondary metal-imine subunits.  
 Compound [{Cu(2,2’-bpy)2}2Mo5O15(1,4-O3PC8H8PO3)]·6H2O (5·6H2O), displayed in 
Figure 5.5, is built from a folded {Mo5O15(1,4- O3PC8H8PO3)} n
4n− chain. Each cluster 
component of the chain is linked to two {Cu(2,2’-bpy)2}
2+ units through a terminal oxo-group of 
the molybdate cluster. The {Cu(2,2’-bpy)2}
2+ subunits are coordinated to two non-adjacent 
molybdenum centers of the ring, each positioned next to one of the molybdenum centers of the 
corner-sharing diad of the ring. 
 The geometry at the copper centers is distorted trigonal bipyramidal with coordination to 
two nitrogen atoms from the organo-nitrogen co-ligand along with an oxo-group in the equatorial 
plane and two additional nitrogen atoms from another organo-nitrogen co-ligand in the axial 
plane. The structure of 5·6H2O is similar to the previous reported structure of [{Cu2(o-
phen)3(H2O)2}Mo5O15{O3PCH2CH2CH2PO3}] [57].   
  
  
  
 
 
Figure 5.5. Mixed polyhedral and ball and stick representation of the structure of 
Hydrogen atoms and water molecules of crystallization are removed for clarity 
same as above with copper atoms (blue polyhedra)). 
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(Color scheme: 
  
5·6H2O. 
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 Compound [{Cu(o-phen)(H2O)2}2Mo5O15(1,4-O3PC8H8PO3)]·4H2O (6·4H2O) displays a 
chain which has analogous folding of the {Mo5O15(O3PR)2 n
4n−  core. However, in contrast to 
compound 5·6H2O, the copper-imine subunits in compound 6·4H2O are coordinated to adjacent 
molybdenum sites of the ring. A mixed polyhedral and ball and stick representation of compound 
6·4H2O is provided in Figure 5.6. The copper(II) center displays a distorted ‘4+1’ square 
pyramidal geometry coordinating to two nitrogen atoms from the 1,10-phenanthroline organo-
nitrogen ligand, an oxo-group which coordinates to the molybdenum center, and two aqua 
ligands, one in the basal plane and one in the apical position. The Cu-O(aqua) bond distances for 
the basal and apical bonds are 2.002(2)Å and 2.262(2)Å, respectively.     
 
 
 
Figure 5.6. Mixed polyhedral and ball and stick representation of the one
6·4H2O. Hydrogen atoms and water molecules of
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-dimensional chain of 
 crystallization are removed for clarity. 
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 Compound [{Cu(o-phen)(H2O)}2(1,4-HO3PC8H8PO3H)][Cu(o-
phen)(H2O)Mo5O14(OH)(1,4-O3PC8H8PO3)]2 (7) is unique in that it is comprised of two distinct 
chain substructures, {Cu2(o-phen)2(H2O)2(HO3PC8H8PO3H)} n
2n+  and [{Cu(o-phen)(H2O)} 
Mo5O14(OH)( 1,4-O3PC8H8PO3)] n
n− . The structure is displayed in Figure 5.7. The cationic chain, 
{Cu2(o-phen)2(H2O)2(HO3PC8H8PO3H)} n
2n+ , displayed in Figure 5.8(a), is build from the 
common subunits of {M2(µ2-O,O′phosphonate)2} which are linked to one another through the 
xylyldiphosphonate tethers. The geometry at the copper center is square pyramidal with 
coordination to two phosphonate oxygen atoms and two nitrogen atoms from 1,10-
phenanthroline in the basal plane, along with coordination to an aqua ligand in the apical 
position. The Cu-O bond distances are 1.938(2)Å (basal),  1.944(2)Å (basal) and 2.186(2)Å 
(apical).  
 The xylyldiphosphonate ligand is protonated at both termini, displaying a P-O(H) bond 
distance of 1.585(3)Å compared with the average P-O-(Cu) bond length of 1.565(3)Å. This chain 
substructure is similar to the previously reported [Cu2(o-phen)2(H2O)2(1,4-O3PC8H8PO3)] [30] 
with the difference being that in the reported structure the pendant phosphonate oxygen atom is 
not protonated, with a P=O bond length of 1.502(2)Å.      
 
Figure 5.7.  Mixed polyhedral and ball and stick representation of [{Cu(o
HO3PC8H8PO3H)][Cu(o-phen)(H
removed for clarity. 
 
 The anionic chain, [{Cu(o
Figure 5.8(b), is constructed from a protonated modification of the phosphomolybdate cluster, 
{Mo5O14(OH)(1,4- O3PC8H8PO3
bpy)3][Mo5O14(OH)(O3PCH2CH
molybdophosphonate cluster is visibly displayed on the doubly bridging oxo
difference Fourier maps. The bond lengths are consistent with a protonation site: the average 
Mo-O-Mo bond length is 1.912(4)Å, whereas
2.075(3)Å, respectively.           
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-phen)(H
2O)Mo5O14(OH)(1,4-O3PC8H8PO3)]2 (7). Hydrogen atoms are 
-phen)(H2O)}Mo5O14(OH)( 1,4-O3PC8H8PO3)]
)}
n
3n− , first described in the structure [Co(2,2’-
2CH2PO3)] [56]. The protonation site on the 
-group from the 
 the Mo-O(H)-Mo bond lengths are 2.051(3)Å and 
 
2O)}2(1,4-
n
n− , displayed in 
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 As opposed to the Cu-imine subunit displaying a single point of attachment to the 
phosphomolybdate cluster in compounds 5·6H2O and 6·4H2O, the Cu-imine groups in 
compound 7 edge-share through a Mo-O terminal oxygen and coordinate to a phosphonate 
oxygen site which also coordinates to a molybdenum center. The geometry at the copper(II) 
center is square pyramidal, exhibiting a ‘4+1’ arrangement. The copper(II) center coordinates in 
the basal plane to two nitrogen atoms from the 1,10-phenanthroline organo-nitrogen ligand, a 
hydroxo group and an oxo-group. In the apical position the copper center is coordinated to a 
phosphomolybdate oxygen atom. The Cu-O apical bond distance is 2.612(3)Å while the Cu-O 
basal bond lengths are 1.942(3)Å and 1.988(3)Å for the aqua ligand. Therefore, the formulation 
of the anionic chain is [{Cu(o-phen)(H2O)}Mo5O14(OH)(1,4-O3PC8H8PO3)] n
n+ , which 
necessitates that the overall structure have a ratio of 2:1 cation to anion chains. This is noticeably 
displayed in the crystal packing image, displayed in Figure 5.7.    
 
 
 
 
 
 
 
 
 
  
 
 
Figure 5.8. Mixed polyhedral and ball and stick 
phen)2(H2O)2(HO3PC8H8PO3H)}
Mo5O14(OH)( 1,4-O3PC8H8PO3)]
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(a) 
 
(b) 
representation of the (a) cationic {Cu
n
2n+  chain and the (b) anionic [{Cu(o-phen)(H2O)} 
n
n−  chain in 7. Hydrogen atoms are removed for clarity.
 
 
2(o-
 
 
 Compound 8·4H2O, defined as (H
O3PC8H8PO3)]·4H2O (8·4H2O), is built from anionic [{Ni(
O3PC8H8PO3)] n
n− chains along with an un
charge compensate. A mixed polyhedral and ball and stick representation of the structure is 
displayed in Figure 5.9. The one
are adorned with {Ni(H2O)4(H-4,4’
as a {NiO5N} distorted octahedron with coordination to four aqua ligands, a terminal 
molybdenum oxo group and a single nitrogen atom from the coordinated 4,4
nitrogen ligand. The uncoordinate
evidenced by a peak in the difference Fourier map to provide overall charge compensation.  
       
Figure 5.9. Mixed polyhedral and ball and stick representation of 
bpy)(H2O)4}Mo5O15(1,2-O3PC8H
for clarity (Color scheme: same as above with nickel atoms (light green polyhedra)). 
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-4,4’-bpy)[{Ni(H-4,4’-bpy)(H2O)4}Mo
H-4,4’-bpy)(H2O)4}Mo
coordinated singly protonated 4,4’-bipyridine ligand to 
-dimensional molybdophosphonate chains of the substructure 
-bpy)}3+ groups. The geometry at the nickel(II) site
’-bipyridine organo
d nitrogen atom of the 4,4’-bipyridine ligand is protonated as 
(H-4,4’bpy)[{Ni(H
8PO3)]·4H2O (8·4H2O). Carbon hydrogen atoms are removed 
5O15(1,2-
5O15(1,2- 
 is defined 
-
 
 
-4,4’-
  
 
The structure of [{Ni(tpyprz
displayed in Figure 5.10, is built from a one
a unique cluster building unit described as 
is composed of a ring of corner-, edge
a phosphorous tetrahedron on both faces. The molybdate ring consists of a tetranuclear unit that 
coordinates by way of corner-sharing interactions through the two terminal molybdenum centers 
of the tetrad unit to a diad of face
sharing molybdenum centers. The Mo
to 2.4148(2)Å and 2.646(2)Å.   
 
Figure 5.10. Mixed polyhedral and ball and stick 
of [{Ni(tpyprz)(H2O)}2Mo6O18(H
water molecules of crystallization are removed for clarity.
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)(H2O)}2Mo6O18(H2O)(1,4-O3PC8H8PO3]·6H
-dimensional phosphomolybdate chain that contains 
{Mo6O18(H2O)(O3PR)2}
4- (Figure 5.11
- and face sharing {MoO6} octahedra which are capped by 
-sharing octahedra. The aqua ligand connects the pair of face
-O aqua bond lengths are elongated, as would be expected, 
representation of the one-dimensional structure 
2O)(1,4-O3PC8H8PO3]·6H2O (9·6H2O). Hydrogen atoms and 
 
2O (9·6H2O), 
). The cluster 
-
 
 
Figure 5.11. Depiction of the {Mo
coordinated water molecules are removed for clarity.
 
  The diphosphonate ligand in 
phosphonate ligand bridges two pairs of 
face-sharing diad. The second environment of the phosphonate ligand bridges the central duo of 
molybdenum centers of the tetrad and coordin
tetrad via the other oxygen donors. The cluster disp
previously published structure of [{Cu
diaminopentane){Mo6O18(H2O){O
 There are two distinct environments for the nickel(II) centers in 
subunit, {Ni2(tpyprz)2}
4+, decorates the molybdophosphonate chain. 
at the nickel(II) site is described as a distorted octahedron, {NiO
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6O18(H2O)(O3PR)2}
4- cluster in 9·6H2O. Hydrogen atoms and 
 
9·6H2O displays two dinstinct environments. The first 
{MoO6} octahedra of the edge-sharing tetrad and the 
ates to the remaining two molybdenum
layed in this compound is similar to the 
2(tetrakis-N,N,N′,N′-pyridinylmethyl-(1,5
3P(CH2)4PO3)] [56].   
9·6H2O. One nicke
 The coordination geometry 
3N3}. The nickel center 
 sites of the 
-
l(II) 
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coordinates to the molybdate cluster through a single oxo-group. In addition to the oxo-group the 
Ni(II) center also coordinates to three nitrogen atoms from the tetra-2-pyridinylpyrazine ligand 
and two aqua groups. The second terminus of the tetra-2-pyridinylpyrazine ligand coordinates to 
the second nickel(II) site, which also coordinates to a second tetra-2-pyridinylpyrazine ligand, 
yielding an octahedral {NiN6} coordination environment. The second tetra-2-pyridinylpyrazine 
ligand remains uncoordinated at its second terminus. This type of catenation, described as 
{Nix(tpyprz)y} has been previously observed in molybdophosphonate/secondary metal-imine 
structural chemistry, however, it is uncommon to have an un-coordinated arm of the tetra-2-
pyridinylpyrazine ligand.  
 Compound 10·4H2O, displayed in Figure 5.12, is a two dimensional network described 
as [{Ni2(tpyprz)(H2O)4}Mo4O10(1,4-O3PC8H8PO3)2]·4H2O. The structure is constructed from 
{Mo4O10(1,4- O3PC8H8PO3)2} n
4n−  chains which are coordinated to one another into a two-
dimensional network material through {Ni2(tpyprz)(H2O)4}
+4 subunits. The chains, which grow 
along the crystallographic b axis, are built from {Mo4O10(O3PR)4} clusters connected through 
the xylyldiphosphonate tethers. The phosphomolybdate clusters are made up of two pairs of 
edge-sharing {MoO6} octahedra which are bridged by four phosphorus tetrahedra. A duo of 
phosphonate units each lend one oxygen to coordinate to one pair of {Mo2O5} units, while the 
two other oxygen atoms each connect to a molybdenum center of the second {Mo2O5} pair. The 
second pair of phosphonate units connect the two molybdate diads via O,O′- bridging 
interactions, which yields a tweleve-membered ring described as {-O-P-O-Mo-O-Mo-}2. The 
third oxygen atom of the second phosphonate group coordinates to the {Ni2(tpyprz)(H2O)4}
4+ 
units that connect the molybdophosphonate chains.  
 
 
Figure 5.12. Mixed polyhedral and ball and stick representation of 
[{Ni2(tpyprz)(H2O)4}Mo4O10(1,4
molecules of crystallization are removed for clarity.
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-O3PC8H8PO3)2]·4H2O (10·4H2O). Hydrogen atoms and water 
 
 
 
The geometry at the nickel(II) sites is described as a distorted octahedron, {NiO
with coordination to three nitrogen atoms from the tetra
ligand, a phosphonate oxygen atom and two aqua ligands. A close
chain to the nickel subunits is displayed in 
 
Figure 5.13. Mixed polyhedral and ball and stick representation of the connectivity of the 
molybdophosphonate chain to the nickel subunits in [{Ni
O3PC8H8PO3)2]·4H2O (10·4H2O).
not shown for clarity.  
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-2-pyridinylpyrazine organo
-up of the connectivity of the 
Figure 5.13. 
2(tpyprz)(H2O)4}Mo4O
 Hydrogen atoms and water molecules of crystallization
3N3}, 
-nitrogen 
 
10(1,4-
 are 
 
 The structure of compound [{Ni(2,2’
(11·2H2O), displayed in Figure 5.14
constructed from the usual pentanuclear molybdate clusters 
xylyldiphosphonate ligand into a chain. The {Mo
tethered into a three-dimensional
 
Figure 5.14. Mixed polyhedral and ball and stick representation of the three
structure of [{Ni(2,2’-dpa)(H2O)}
atoms and water molecules of crystallization are not shown for clarity.
 
 
233 
-dpa)(H2O)}2Mo5O15(1,4-O3PC8H8PO
, is a three-dimensional framework. The structure is 
which are tethered by the 
5O15(1,4- O3PC8H8PO3)} n
4n− chains are then 
 framework through four {Ni(2,2’-dpa)(H2O)}
2+  
-dimensi
2Mo5O15(1,4-O3PC8H8PO3)]·2H2O (11·2H2O). Hydrogen 
 
3)]·2H2O 
units.  
 
onal 
 
The geometry at the nickel(II) center is
Each nickel(II) site is coordinated to two nitrogen atoms from the 2,2’
phosphonate oxygen atom and two terminal oxo
two adjacent chains. As a result of the coordination around the nickel center, the nickel 
participates in an edge-sharing interaction with a molybdenum center of one chain and a corner
sharing interaction with a molybdenum center of a neighboring chain. It is interesting to
although the {Ni(2,2’-dpa)(H2O)}
chains in order to extend the structure into three dimensions. A depiction of the chain 
substructure of 11·2H2O is displayed in 
 
Figure 5.15. Mixed polyhedral and ball and stick representation of the chain substructure in 
11·2H2O. Hydrogen atoms and water molecules of crystallization are not shown for clarity.
 
 The next set of compounds, 
fluoride into the structure. The structure of 
dimensional chain described as [{Cu(o
As common with oxyfluoromolybdate/diphosphonate compounds, the structure
the common pentanuclear molybdate unit. Instead, the structure is built from a copper
diphosphonate chain which is decorated with oxyfluoromolybdate mononuclear units which are 
pendant. The copper(II) chain contains the usual building uni
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 described as distorted octahedral, {NiO
-dipyridylamine ligand, a 
-groups which are from molybdenum sites of 
2+ unit is short it provides coordination to four neighboring 
Figure 5.15. 
12-14, examine the structural consequences of the ad
12·H2O, displayed in Figure 5.16, is a one
-phen)}2Mo2F3O4(OH)(H2O)4(1,3-O3PC8H
 does not exhibit 
t of {Cu2(µ2-O,O′diphosphonate)
4N2}. 
-
 note that 
 
    
dition of 
-
8PO3)]·H2O. 
-
2}. 
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These units are then tethered into a chain through the 1,3-xylyldiphosphonate ligand. The 
geometry at the copper(II) center is described as ‘4+1’ axially distorted with coordination to two 
nitrogen atoms from the 1,10-phenanthroline organo-nitrogen chelate, two oxygen atoms from 
two xylyldiphosphonate ligands and an aqua ligand in the apical position. The Cu-O aqua bond 
length of 2.240(2)Å is noticeably elongated compared to the Cu-O (phosphonate) bond lengths 
of 1.939(2)Å and 1.972(2)Å.     
 Two different oxyfluoromolybdate units decorate the copper-diphosphonate chain, 
{MoFO5} and {MoF2O4}. The first of these molybdate units displays a fac-{MoO3H} with Mo-
O bond lengths of 2.706(3)Å, 1.802(3)Å, and 1.084(3)Å. These bond lengths are typical to 
suggest that there is a shared protonation site, which is necessary for charge balance 
considerations. The coordination sphere of the molybdenum center is completed by a fluoride 
ligand, an aqua ligand (Mo-O bond length of 2.222(2)Å) and a phosphonate oxygen atom which 
links the {MoF2O4} unit to the chain. The coordination sphere of the second oxyfluoromolybdate 
group includes two fluoride ligands which are in the cis-configuration, an aqua ligand and a 
phosphonate oxygen atom which binds the distorted octahedron to the copper-diphosphonate 
chain. Due to the fact that each diphosphonate ligand bridges a molybdate and two copper sites 
at both termini the structure can be seen as bimetallic {Mo2F3O4(OH)Cu2(o-phen)2 
(H2O)2(O3PR)2} clusters which are tethered into a chain by 1,3-xylyldiphosphonate. 
 
 
Figure 5.16. Mixed polyhedral and ball and stick representation of [{Cu(o
phen)}2Mo2F3O4(OH)(H2O)4(1,3
molecules of crystallization are not shown for clarity.
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-
-O3PC8H8PO3)]·H2O (12·H2O). Hydrogen atoms and water 
 
 
 As was compound 12·H2O, compound [{Cu(terpy)}
O3PC8H8PO3)][{Cu(terpy)(H2O)}Mo
dimensional, however, in the case of 
chains. The two distinct chains in compound 
the a-axis in an alternating manner. 
 
Figure 5.17. Mixed polyhedral and ball and stick representation of 
water molecules of crystallization are not shown for clarity.
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2(H2O)(OH)Mo2F4O
2F3O4(1,2-O3PC8H8PO3)]·H2O (13·H2O) is also one
13·H2O the structure is constructed from two distinct 
13·H2O, displayed in Figure 5.17, run parallel to 
 
13·H2O. Hydrogen atoms and 
 
3(1,2-
-
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 The anionic chain, [{Cu(terpy)(H2O)}Mo2F3O4(1,2- O3PC8H8PO3)] n
n− , displayed in 
Figure 5.18(a), is built from binuclear{Mo2F3O4} units, bridged through a fluoride ligand. The 
structure can be viewed as an oxyfluoromolybdate diphosphonate chain which is adorned with 
subunits of {Cu(terpy)(H2O)}
2+. Each molybdenum octahedral center coordinates to two 
phosphonate oxygen atoms, two terminal oxo-groups, one terminal fluoride atom and one 
bridging fluoride group. The geometry at the Cu(II) site can be described as distorted ‘4+1’ 
square pyramidal with coordination in the basal plane to the three nitrogen atoms of the 
terpyridine ligand along with a phosphonate oxygen atom, and coordination in the apical position 
of an aqua ligand.  
 There are two different phosphonate oxygen environments in the anionic chain. The first 
phosphonate group coordinates to two molybdenum centers and also to the copper(II) site. The 
second phosphonate coordinates to two molybdenum centers and is uncoordinated at its third 
P=O terminus. It is evident from the P-O bond length of 1.500(3)Å that there is no protonation of 
the phosphonate oxygen atom.    
 Charge compensation for the anionic substructure is provided by the cationic chain 
substructure of [{Cu2(terpy)2(OH)(H2O)}Mo2F4O3(1,2- O3PC8H8PO3)] n
n+ , displayed in Figure 
5.18(b). Just as in the anionic chain, the cationic chain consists of binuclear {Mo2F4O3} units 
which are linked to each other through a fluoride ligand. These {Mo2F4O3} binuclear units, 
which are decorated with {Cu(terpy)(H2O}
2+ groups, are then coordinated to one another by the 
xylyldiphosphonate tether into a chain. The most significant difference between the cationic and 
anionic chains is the incorporation of an additional {Cu(terpy)(OH)}+ group in the cationic 
chain. As opposed to the uncoordinated P-O termini in the anionic chain, an additional 
{Cu(terpy)(OH)}+ group has taken its place in the cationic chain. Hence, the overall structure 
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features an anionic chain with pendant {P=O} groups at alternate phosphonate sites and the 
cationic chain where all of the coordination spheres of all of the phosphonate ligands are 
occupied by the additional copper subunits. The core structures of both chains are essentially 
identical in other respects apart from for the additional replacement of a fluoride group for an 
oxo-group in the binuclear oxyfluoromolybdate cluster of the cation yielding {Mo2F4O3} units in 
place of {Mo2F3O4} units. To our knowledge this is a unique example of a structure which 
exhibits both cationic and anionic secondary metal-molybdophosphonate building units.    
 
  
 
Figure 5.18. Mixed polyhedral and ball and stick representation of the (
[{Cu(terpy)(H2O)}Mo2F3O4(1,2-
[{Cu2(terpy)2(OH)(H2O)}Mo2F4O
and water molecules of crystallization are not shown for clarity.
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(a) 
(b) 
 
a) anionic  
 O3PC8H8PO3)] n
n− and (b) cationic 
3(1,2- O3PC8H8PO3)] n
n+  chains in 13·H2O. Hydrogen atoms 
            
 
 
 
The final oxyfluoromolybdate example in this series is described as [{Cu
bpy)2}Mo2F2O4(H2O)2(1,3-O3PC
5.19). The unique framework material can be described as chains of {Cu
bpy)2Mo2F2O4(H2O)2(O3PR)4} which run parallel to the crystallographic 
then connected through 1,3-xylyldiphosphonate 
 
Figure 5.19. Mixed polyhedral and ball and stick representation of the three
structure of 14. Hydrogen atoms are not shown for clarity. 
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8H8PO3)2] (14) and is a three-dimensional framework
3(2,2’-
a-axis. The chains are 
to provide the dimensionality of the material
-dimensional 
 
3(2,2’-
 (Figure 
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The chain contains molybdenum corner-sharing octahedra, both copper square pyramids 
and octahedra, along with phosphorous tetrahedra. The chain substructure is displayed in Figure 
5.20. The coordination at the molybdenum centers is described as {MoFO5}. Each molybdenum 
site coordinates to two phosphonate oxygen atoms in a cis-arrangement, an aqua ligand, a 
fluoride ligand which bridges to a copper(II) site and the regular cis-dioxo unit, one oxygen of 
which coordinates to a second copper center. As eluded to above, there are two distinct 
copper(II) centers in compound 14. The first copper site displays an axially distorted ‘4+1’ 
geometry with coordination to two nitrogen atoms from the 2,2’-bipyridine nitrogen ligand, two 
oxygen atoms from two different xylyldiphosphonate ligands, and a bridging oxo group. The 
bridging oxo-group which resides in the apical site has a Cu-O bond length of 2.251(2)Å as 
compared to the Cu-O phosphonate bond distances of 1.901(2)Å and 1.909(2)Å. The second 
unique copper(II) site displays an axially distorted ‘4+2’ geometry, {CuF2O4}. This copper(II) 
center coordinates in the equatorial plane to four different phosphonate oxygen atoms, displaying 
an average Cu-O bond length of 1.946(3)Å. The coordination site of the copper center is then 
filled by two fluoride ligands in the axial sites with an average Cu-F bond length of 2.494(3)Å.  
 
 
Figure 5.20. Mixed polyhedral and ball and stick representation of the chain building unit in 
Hydrogen atoms are not shown for clarity.
 
 Due to the connectivity pattern of the 
pentanuclear cluster of corner-sharing octahedra and square pyramids is produced, yielding the 
bimetallic substructure of {Cu3Mo
phosphorous tetrahedra, thereby propagating the chain substruct
phosphorous tetrahedra in the structure shares vertices with a copper and molybdenum center of 
one bimetallic group and a copper center of a neighboring unit. The three dimensional 
connectivity is then provided by the 1,3
linking each chain to four neighboring chains.      
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copper and molybdenum polyhedra
2}. These units are coordinated to one another through 
ure. Consequently, each 
-xylyldiphosphonate ligand which radiates outward 
  
 
14. 
, a linear 
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5.3.3 Magnetic Susceptibility Studies 
 The temperature-dependent magnetic susceptibilities of representative compounds of this 
study were investigated.  For compound 5·6H2O, which exhibits mononuclear Cu(II) sites spaced 
along the molybdophosphonate chain at distances of 13.7Å and across the pentanuclear 
molybdate clusters at 11.3Å, the magnetic data were fit to the Curie-Weiss law with a 
temperature independent paramagnetism (TIP) term included to account for baseline correction 
(Figure 5.21).  The expression to fit the data is:  
 
χ = χh +TIP =
Ng2µB
2 S S +1( )
3kB T −θ




+TIP,     
 
or as a function of the effective magnetic moment: 
 
     
 
where µeff
2 = g2S(S+1).  For d9 Cu(II), S = 1/2, the best fit provided the parameters: µeff = 1.90 ± 
0.2µB, θ = -0.015 ± 0.002K and g =  2.2.  Compound 14 also exhibited simple Curie-Weiss 
behavior with µeff = 1.85 ± 0.2 µB, θ = -0.21 ± 0.03K and g =  2.14 (Figure 5.22).  
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Figure 5.21. The magnetic susceptibility plot for compound 5·6H2O. 
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Figure 5.22. The magnetic susceptibility plot for compound 14. 
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 In contrast, the temperature dependence of the magnetic susceptibilities of compounds 
10·4H2O and 12·H2O exhibit low temperature maxima, indicative of antiferromagnetic 
interactions, as shown in Figure 5.23 for compound 10·4H2O and in Figure 5.24 for compound 
12·H2O.  The best description for the experimental results were obtained using the Heisenberg 
dimer model for two S = 1 Ni(II) sites where the general isotropic exchange Hamiltonian, H, is 
given as H = -2JS1·S2 with J as the coupling constant.  The magnetic susceptibility is then: 
 
  X = C
2e2x +10e6x
1+ 3e2x +5e6x
          
 
where, C =Ng2µB
2/kBT, x = J/kBT, N is Avogadro’s number, µB is the Bohr magneton, and kB is 
the Boltzmann constant.  Taking into account the presence of paramagnetic impurities, ρ, and 
TIP, the expression used in the analysis is: 
 
  X = (1−ρ)C
2e2x +10e6x
1+ 3e2x + 5e6x
+ρ
S S +1( )
3
C
T − θ
+TIP      
 
where the second term is the Curie-Weiss expression for monomeric impurities.  The best fit 
provides J/kB = -3.65K, θ = -35K, ρ = 0.056, TIP = -0.0007 cm
3/mol and g = 2.09. 
 The structure of compound 12·H2O exhibits the common {M2(µ-O,O′-phosphonate)2} 
unit which has been shown to act as an effective magnetic exchange pathway [86].  In this case, 
S1 and S2 of the spin Hamilton, H = -2JS1·S2, are 1/2 for the d
9 Cu(II) sites.  Consequently, the 
susceptibility takes the form: 
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χ = (1−ρ)C
2e2x
1+ 3e2x
        
 
Taking into account TIP and paramagnetic impurities, the equation used in the fit to the 
susceptibility data is: 
 
χ = 1−ρ( )C
2e2x
1+ 3e2x
+ρ
S S +1( )
3
C
T − θ
+TIP     
 
The best fit provides the values: J/kB = -15.28K, θ = -60K, ρ = 0.058, TIP = -0.0007 cm
3/mol, 
and g = 2.13. 
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Figure 5.23. The magnetic susceptibility plot for compound 10·4H2O. 
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Figure 5.24. The magnetic susceptibility plot for compound 12·H2O.  
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5.3.4 Thermal Gravimetric Analysis 
The TGA plot for compound 2, provided in Figure 5.25, displays an initial weight loss 
between room temperature and 650°C of 75% which is attributed to the decomposition of the 
organo-nitrogen counter-cations (74%, calculated).  The next weight loss occurs between 650°C 
to the limiting temperature of the instrument, 800°C, and is attributed to the start of the 
decomposition of the diphosphonate ligand.  The amorphous residue is most likely a 
molybdenum oxide/phosphate material.  The TGA plot of compound 1·H2O is very similar to 
that of 2, with the exception that compound 1·H2O also loses the water of crystallization in the 
initial decomposition step with the organo-nitrogen ligands. 
 The TGA plot for compound 3·H2O, provided in Figure 5.26, displays an initial, gradual 
weight loss between room temperature and ca. 675°C of 18% which is associated with the loss of 
the water molecule of crystallization, the hydronium cation and the organo-nitrogen ligands 
(22%, calculated).  The subsequent weight loss of 35% occurs between 675°C to 770°C and is 
associated with the loss of the diphosphonate ligand (32%, calculated).  The compound is then 
stable from 770°C to 800°C.  The amorphous residue is most likely a mixed metal oxide.  The 
TGA plots for compounds 9·6H2O, 10·4H2O, and 11·2H2O display similar patterns to that of 
compound 3·H2O in their respective TGA plots. 
 The TGA plot for compound 4·6H2O (Figure 5.27) displays an initial weight loss 
between room temperature and 150°C of ca. 10% which is assigned to the loss of the water 
molecules of crystallization, along with the coordinated water molecule (9%, calculated).  The 
next loss is gradual and occurs between 150°C to 800°C.  The weight loss over this range is 
approximately 22% and is attributed to the incomplete composition of the organo-nitrogen 
ligands.  The residue is most likely a mixed metal oxide/phosphate mixture.  Compound 7 
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displays a similar weight loss pattern; however, for compound 7, there are no water molecules of 
crystallization, but there are coordinated water and hydroxide molecules which are released prior 
to the start of the degradation of the organo-nitrogen ligands. 
 The TGA plot for compound 5·6H2O (Figure 5.28) displays an initial weight loss of 7% 
between room temperature and 375°C which is attributed to the loss of the water molecules of 
crystallization (6%, calculated).  The subsequent weight loss, occurring between 375°C and the 
limiting temperature of the instrument, 800°C is attributed to the loss of the organo-nitrogen 
ligands.  What amorphous residue remains is most likely a metal oxide/phosphate mixture.  The 
TGA plots for compound 6·4H2O, 12·H2O, and 13·H2O display similar weight losses in their 
respective TGA plots. 
 In the case of compound 8·4H2O, the TGA exhibits an initial weight loss of ca. 9% 
between room temperature and about 140°C attributed to the loss of the water molecules of 
crystallization and the coordinated water molecules (10%, calculated).  A second weight loss of 
about 11% occurs between 140°C to 640°C and is associated with the decomposition of the 
ammonium counter-cation (10%, calculated).  From 640°C to 775°C there is a third weight loss 
of about 27%, attributed to the loss of the coordinated amine ligand and the diphosphonate ligand 
(28%, calculated).   There is a plateau of stability from 775°C to 800°C upon formation of the 
metal-oxide residue. The TGA plot for compound 8·4H2O is displayed in Figure 5.29. 
 Compound 14 exhibits unusual stability from room temperature to about 300°C where an 
initial weight loss of about 22% occurs between 300°C and 400°C; this initial weight loss is 
attributed to the loss of the coordinated water molecules and of the organo-nitrogen ligands 
(25%, calculated).  A second decomposition occurs between 400°C and the limiting temperature 
of the instrument, 800°C, which is associated with the incomplete decomposition of the 
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diphosphonate ligand to produce an amorphous residue. The TGA plot for compound 14 is 
provided in Figure 5.30. 
 
 
Figure 5.25. Thermogravimetric analysis profile for compound 2 in the 25-800oC range. 
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Figure 5.26. Thermogravimetric analysis profile for compound 3·H2O in the 25-800
oC range. 
 
Figure 5.27. Thermogravimetric analysis profile for compound 4·6H2O in the 25-800
oC range. 
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Figure 5.28. Thermogravimetric analysis profile for compound 5·6H2O in the 25-800
oC range. 
 
Figure 5.29. Thermogravimetric analysis profile for compound 8·4H2O in the 25-800
oC range. 
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Figure 5.30. Thermogravimetric analysis profile for compound 14 in the 25-800oC range. 
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5.4 Structural Trends and Observations 
 The first four structures in this series, 1-4, display the common {Mo5O15(O3PR)2}
4- 
building unit which is a recurrent structural motif in polyoxomolybdate systems. The 
molybdophosphonate clusters are linked to one another through the organic tether of the 
diphosphonate ligand to provide a one dimensional chain. In all cases of structures 1-4 the 
molybdophosphonate chain is unadorned with a secondary metal complex. In previous studies all 
other examples of structures in the molybdophosphonate/secondary-metal family of materials the 
secondary metal decorates the molybdophosphonate chain with the exception of [Co(2,2’-
bpy)3][Mo5O14(OH)(O3P(CH2)3PO3)] [56].  However, the chains in structures 1-4 differ in the 
xylyldiphosphonate ligand used, and, as a consequence, differ in the degree of folding of the 
molybdodiphosphonate chain.  
 The more common structural motif of decorated one-dimensional molybdophosphonate 
chains is displayed in structures 5·6H2O, 6·4H2O and 8·4H2O. These structures display one-
dimensional {Mo5O15(O3PR)2} n
4n−chains adorned with M(II)-imine units that act to charge-
compensate. Of these structures, 5·6H2O and 6·4H2O are quite similar with the difference being 
in the imine introduced. In the case of compound 5·6H2O, the organo-nitrogen chelate of 2,2’- 
bipyridine is used which yields M(II)-imine units of {Cu(2,2’-bpy)2}
2+ that decorate the 
molybdophosphonate chain. In the case of compound 6·4H2O, the more sterically demanding 
ligand of 1,10-phenanthroline is used which yields a M(II)-imine unit with one as opposed to two 
organo-nitrogen ligands, {Cu(o-phen)(H2O)2}
2+ .         
 Compound 7 is quite unique in that it posses two distinct chain substructures. The first 
one-dimensional chain is built from a protonated version of the pentamolybdate cluster, 
{Mo5O14(OH)(O3PR)2} n
3n− . In compound 6·4H2O it was seen that when 1,10-phenanthroline was 
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used, a unit of {Cu(o-phen)(H2O)n}
2+ decorated the cluster, however, in the case of 7, the copper 
unit coordinates to the molybdophosphonate clusters via an oxo-group and a phosphonate 
oxygen atom. This type of connectivity has been observed for other one-dimensional structures 
in this family of materials in structures such as [{Cu2(2,2’-bpy)3(H2O)}Mo5O15{O3P(CH2)4PO3}] 
and [{Cu2(tpyprz)(H2O)}Mo5O15(O3PC6H5)2], along with other Co(II) and Ni(II) compounds in 
this class [29,43,57-58].        
 The second chain in the structure of 7 is defined as {Cu2(H2O)2(o-phen)2(1,4- 
O3PC8H8PO3)} n
2n+ . The fact that this structure incorporates two distinct chains which crystallized 
together into one structure emphasizes the unpredictability of the hydrothermal reaction 
technique on the final structure produced. One can come to the conclusion that from the mixture 
of available potential building blocks in the reaction mixture those that are selected for 
incorporation into the final product provide a potential energy minimum and an ordered material.  
 The next two compounds in the series, 8·4H2O and 9·6H2O are also one-dimensional. 
However, in the case of these two structures the metal of Ni(II) was introduced as opposed to the 
Jan-Teller distorted Cu(II). The introduction of nickel allows for a more regular octahedral 
geometry which generally includes coordination of aqua ligands. Interesting to note is that the 
nickel(II) center in compound 8·4H2O displays only one point of attachment to the molybdate 
cluster as opposed to structures 5·6H2O and 6·4H2O which display two to five points of 
attachment.      
 Structure 9·6H2O returns to the usual one-dimensional motif with the exception that the 
cluster building unit is the hexamolybdate unit, {Mo6O18(H2O)(O3PR)2}
4-. The hexamolybdate 
unit has been previously displayed in [{Cu(terpy)}2Mo6O17(H2O)(O3PCH2NH2CH2PO3)] and 
[{Co2(tpyprz)(H2O)2}Mo6O18{O3P(CH2)5PO3}]·2H2O [28, 59]. Again, these results confirm that 
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minor changes in hydrothermal reaction conditions can lead to dramatic structural changes. 
Another notable characteristic of this structure is the moiety produced by the tetra-2-
pyridinylpyrazine binucleating ligand. The metal(II) unit produced in this structure is described 
as {Ni2(tpyprz)(H2O)2}
4+, terminating at the {NiN6} site and projecting an un-bonded end of one 
of the tetra-2-pyridinylpyrazine ligands. This type of catenation is common in Ni(II) and Co(II) 
materials with tetra-2-pyridinylpyrazine, however, the pendant uncoordinated arm of the tetra-2-
pyridinylpyrazine ligand is unusual.        
 Minor variations in the reaction conditions yielded the two-dimensional structure of 
10·4H2O. In this structure, the ligand tetra-2-pyridinylpyrazine is used again; however, it adopts 
the more common binucleating role. Nickel(II) units of {Ni2(tpyprz)(H2O)2}
4+ are produced 
which link the tetramolybdate (as opposed to the common pentamolybdate building unit) clusters 
of {Mo4O10(O3PR)4}
4-. Tetranuclear clusters have been seen in previous research, for example, 
in the three-dimensional structure of [{Cu(2,2’-bpy)}2Mo4O10(1,4-O3PC8H8PO3)] [60]. However, 
in the case of this structure the tetramolybdate units are a ring of corner- and edge- sharing 
octahedra. Therefore, the phosphomolybdate cluster present in 10·4H2O displays an example of a 
novel building unit.      
 Structure 11·2H2O is a three-dimensional framework material. Unusual about the 
structure is the coordination environment of the secondary metal-ligand subunit. The 
pentamolybdate {Mo5O15(1,4- O3PC8H8PO3)} n
4n− chains are quite common, however, the 
{Ni(2,2’-dpa)(H2O)}
2+ subunits adopt an unusual coordination to the phosphomolybdate clusters. 
Each nickel(II) subunit coordinates neighboring chains to one another in such a way that each 
molybdate cluster is coordinated to four nickel subunits and forms six contact points with the 
secondary metal units. This is a remarkably large number of contact points, with the most 
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common number of contact points being two through four. The only other previous example of 
six contact points is [{Cu(2,2’-bpy)}2Mo4O10(1,4-O3PC8H8PO3)] [60]. It is quite interesting to 
note that this large number of contact points is only achieved with the use of xylyldiphosphonate 
tethers.         
 The introduction of fluoride into the pentamolybdate system generally results in the 
absence of the common pentamolybdate building unit. Consequently, generally mononuclear, 
binuclear and tetranuclear building blocks are observed [25-26]. For example, the previously 
reported structure of [{Cu2(bisterpy)}Mo2F4O4{HO3P(CH2)5PO3H}2] [23] displays a 
mononuclear molybdenum subunit. The connectivity in this structure yields no Mo-O-Mo 
linkages, however, the compound does have Mo-O-Cu linkages which yields a bimetallic 
building unit. The structure of compound 12·H2O is unique in that there are two distinct 
molybdenum oxyfluoride groups, {MoFO5} and {MoF2O4}, which coordinate to the chain via a 
single phosphonate oxygen atom. The binuclear building unit present in 12·H2O, 
{Mo2F3O4(O3PR)2}
3-, is similar to the building unit encountered in 
[{Cu2(bisterpy)(OH)}Mo2F3O4{O3PCH2PO3}] [23] despite the differences in the copper subunit 
coordination between the two structures. 
 The structure of 13·H2O is another case in this series of materials where we observe two 
distinct chain substructures within one material. The structure is constructed from anionic 
[{Cu(terpy)(H2O)}Mo2F3O4(1,2- O3PC8H8PO3)] n
n−  and cationic 
[{Cu2(terpy)2(OH)(H2O)}Mo2F4O3(1,2- O3PC8H8PO3)] n
n+ chains. In each chain there are 
binuclear molybdate units which are bridged thorough a fluoride ligand. This structure is a 
unique example displaying both anionic and cationic secondary metal-molybdophosphonate 
building units.     
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 The oxyfluoromolybdate structure of 14 does possess a building unit which is unique. 
The building unit is described as a cluster of two copper square pyramids, a copper ‘4+2’ 
octahedron, two molybdenum octahedra and four phosphorous tetrahedra, yielding {Cu3Mo2P2}.  
 In the course of previous and current studies the structural chemistries of the 
MoxOy/diphosphonate/M(II)-imine family of materials have now been comprehensively 
examined, specifically those materials with the metal(II) species Co(II), Ni(II), and Cu(II) and a 
variety of imine ligands, including 2,2’-bipyridine, 1,10-phenanthroline, 2,2′:6′,2′′-terpyridine, 
2,2’-dipyridylamine and tetra-2-pyridinylpyrazine. Throughout our studies we have identified 
clear structural determinants, such as the identity of the secondary metal(II) component, which is 
most apparent in comparing the structures of the Cu(II) compounds to those of the Co(II) and 
Ni(II) series of materials. With the use of the Jahn-Teller distorted Cu(II) as the secondary metal 
component, it allows for a variety of coordination geometries. For example, when examining the 
Cu(II) coordination geometries with the ligand tetra-2-pyridinylpyrazine and the 
phosphomolybdate cluster, three distinct coordination environments are displayed, {CuN3O}, 
{CuN3O2} and {CuN3O3}. When examining the Co(II) and Ni(II) series of materials more 
regular octahedral coordination environments of {MN3O3} are observed.         
 From these arguments, it would be expected that structural isomorphism between the 
copper(II) series and the cobalt(II) and nickel(II) series is hardly ever observed. There is a single 
case where there is structural isomorphism between nickel(II) and copper(II), 
[{M2(tpyprz)(H2O)}(Mo3O8)(HO3PCH2PO3)2] (M = Ni, Cu) [29]. On the other hand, since 
cobalt(II) and nickel(II) commonly adopt octahedral geometries it could be assumed that 
materials with the same diphosphonate ligand may yield isomorphous materials in the cobalt(II) 
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and nickel(II) family of materials. A case of isomorphism with these two metals is seen in the 
structures of [{M4(tpyprz)3}(Mo5O15)2 (O3PH2CH2PO3)2]•xH2O [28].  
 An important observation when comparing structures in this series is the examination of 
the number and also the location of the metal-imine ligand subunits which adorn the 
phosphomolybdate clusters. The variety of modes of attachment of the secondary metal-imine 
units to the phosphomolybdate cluster oxygen atoms reflects the relatively uniform charge 
distribution of the cluster surfaces. Consequently, the coordination of the metal(II)-imine units 
presumably reflects packing and steric considerations along with charge density matching [61]. 
 Furthermore, profound structural consequences are observed with variable aqua ligand 
coordination on the secondary metal as well as on the molybdenum centers. For example, the 
coordination sphere for a cobalt(II) or nickel(II) center coordinating to a single tetra-2-
pyridinylpyrazine may be completed by aqua coordination to the metal center, or its coordination 
sphere may be filled by coordinating to a second tetra-2-pyridinylpyrazine ligand, thereby 
yielding {MN6} units. The majority of structures which contain the pentamolybdate core exhibit 
some degree of aqua ligand coordination to the secondary metal unit.       
 Yet another structural determinant in this series of compounds is the identity of the 
xylyldiphosphonate ligand. This family of oxomolybdate/xylyldiphosphonate/secondary metal-
imine compounds has been briefly studied and it is clear that the substitution pattern of the xylyl 
group has structural influences in ways which are not predictable.   
 Throughout this series of structures it is also observed that the identity of the secondary 
imine ligand has a significant influence on the dimensionality of the material produced. Most 
influential to the structure produced is comparing chelates of 1,10-phenanthroline and 2,2’-
bipyridine to the binucleating ligand tetra-2-pyridinylpyrazine. Interestingly the 2,2’-
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dipyridylamine ligand seems to yield structural chemistry which is quite different from that of 
the 2,2’-bipyridine and 1,10-phenanthroline compounds.  
 Of course other structural determinants such as the reaction stoichiometries, pH, variable 
coordination polyhedra, variable protonation of molybdate oxo-groups and/or phosphonate 
oxygen atoms along with incorporation of fluoride ligands into the structure, all effect the final 
structure produced. All of these variables seem to render structural predictability an unreachable 
goal. However, while some structural motifs are starting to come into view, the synthetic control 
of the final material produced is yet to be discovered. 
 
5.5 Conclusions 
 Through the synthetic technique of hydrothermal synthesis a total of fourteen new 
compounds were prepared- eleven of these compounds are a part of the M(II)-imine/MoxOy/ 
diphosphonate family and three of these compounds are a part of the M(II)-
imine/MoxOyFz/diphosphonate family. Common to the previously report compounds of the first 
group of materials, the structures are defined by the presence of oxomolybdate-phosphonate 
clusters which act as nodes, while the xylyl tethers of the diphosphonate ligands provide linkages 
to yield one-dimensional substructures.  
 Compounds 1- 4 of this series exhibit the common {Mo5O15(O3PC8H8PO3)} n
4n− chains 
which are un-decorated by a metal(II)-imine subunit. The remaining materials in this series of 
compounds provided the more common connectivity of metal(II)-imine subunits to the 
phosphomolybdate chains via Mo-O-M(II) linkages. Hence, the one-dimensional chain structures 
of compounds 5-9 exhibit phosphomolybdate chains which are adorned by metal(II)-imine 
groups.    
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 Compound 10·4H2O, however, is a two-dimensional structure which incorporates the 
binucleating tetra-2-pyridinylpyrazine ligand yielding {Ni2(tpyprz)(H2O)4}
4+ subunits which link 
the phosphomolybdate chains into a two-dimensional network. Compound 11·2H2O provides 
structural expansion into three-dimensions by an unusual way: instead of the xylyl tether 
providing the structural expansion, phosphomolybdate chains linked to one another in four 
directions by {Ni(2,2’-dpa)(H2O)}
2+ groups yield expansion in three-dimensions.  
 Throughout this series of M(II)-imine/MoxOy/ diphosphonate compounds it is interesting 
to note that there are distinct phosphomolybdate cluster building blocks. For example, 
compounds 1-6, 8, and 11 display the common core structure of {Mo5O15(O3PR)2}
4-, compound 
7 is built from the pentamolybdate variant of {Mo5O14(OH)(O3PR)2}
3-, compound 9·6H2O is 
constructed from the hexamolybdate core of {Mo6O18(H2O)(O3PR)2}
4- and compound 11·2H2O 
is built from an exceptional tetranuclear unit of {Mo4O10(O3PR)4}
4-. The structure of compound 
7 is also unique in that the structure is built from two discrete one-dimensional chains, the 
cationic chain of [{Cu(o-phen)(H2O)}2(1,4-HO3PC8H8PO3H)] n
2n+  and the anionic chain of 
[{Cu(o-phen)(H2O)}Mo5O14(OH)(1,4-O3PC8H8PO3)] n
n− .  
 The second series of compounds, the oxyfluoromolybdates, are characterized by the 
presence of oxyfluoromolybdate building units along with {CuxMoy(O3PR)z} bimetallic building 
blocks. Compounds 12·H2O and 13·H2O of this series are one-dimensional, however, compound 
13·H2O is unique in that it is build from two different one dimensional chains, the anionic chain 
of [{Cu(terpy)(H2O)}Mo2F3O4 (1,2-O3PC8H8PO3)] n
n−  and the cationic chain of  
[{Cu2(terpy)2(H2O)2}Mo2F3O4(1,2-O3PC8H8PO3)] n
n+ . The final structure in this series, 
compound 14, is three-dimensional and is constructed from a unique building block of 
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{Cu3(2,2’-bpy)2Mo2F2O4(H2O)2(O3PR)4}n chains which are linked to one another through the 
xylyl tethers of the diphosphonate ligands.    
 Over the course of our studies we have observed that the structural chemistry of these 
materials is influenced by a series of structural determinants. These structural determinants 
include not only reaction conditions but also the geometry of the diphosphonate ligand, the 
coordination preferences of the secondary metal and also the identity of the imine ligand. In 
addition to these determinants other structural determinants include variable aqua ligand 
coordination, the flexibility of the M-O-P angles, protonation of oxo-groups, variation in 
coordination polyhedra, along with the numbers and locations of metal(II)-imine subgroups 
associated with the phosphomolybdate cluster. Charge density, packing and steric factors are also 
important in the determination of the final structure.  
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Chapter 6 
 
Structural Consequences of Fluoride Incorporation into 
Oxovanadium-Xylyldiphosphonates with Charge Compensating 
Copper(II)-Imine Components 
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6.1 Introduction 
 The prototypical metal-organic framework materials with a wide array of structural 
diversity and applications are the metal diphosphonates [1-15]. Thermally stable vanadium 
phosphonate materials are an important subclass of metal diphosphonate compounds. These 
materials are characterized by V-P-O layered substructures which are tethered by the 
diphosphonate ligand [1-15] (Figure 6.1).  
 
 
Figure 6.1. Connectivity of a vanadium diphosphonate metal-organic framework, with vanadium 
phosphonate layers tethered by the organic component of the diphosphonate ligand. 
 
 This type of structural connectivity can be interrupted by the addition of different 
diphosphonate linkers, and therefore, modified tethering groups, along with the introduction of a 
secondary metal-imine unit and the replacement of oxo-groups by fluoride ligands [16-19]. An 
example of this is displayed in the α,ω-alkyl diphosphonates. When the carbon tether length is 
between two and five, the structure observed is the prototypical buttressed layer, however, when 
the carbon tether length is extended to nine and ten, two dimensional double-layered materials 
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were observed [14-15]. The replacement of alky tethers with aryl groups provides even more 
structural diversity. For example, in the structure of [H3N(CH2)7NH3]2[V2O4(O3PC6H4PO3)2] 
where 1,4-phenyldiphosphonic acid is employed, as opposed to the typical pillared layer 
structure (Figure 6.2(a)), an alteration of the vanadium diphosphonate layer which includes rings 
of vanadium phosphonate polyhedra is observed (Figure 6.2(b)) [14].     
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(a) 
 
(b) 
Figure 6.2. (a) The prototypical layered material observed in vanadium diphosphonate 
frameworks and (b) the alteration to the pillared layer material in the structure of 
[H3N(CH2)7NH3]2[V2O4(O3PC6H4PO3)2] [14].  
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 In our studies, we have focused on the study of a new set of diphosphonate ligands, the 
xylene diphosphonic acids, displayed in Figure 6.3. 
 
 
Figure 6.3. The structures of 1,4-xylene diphosphonic acid, 1,3-xylene diphosphonic acid and 
1,2-xylene diphosphonic acid, respectively. 
 
One of the unique characteristics of the xylene diphosphonic acids is that they possess 
both a rigid phenyl ring and flexible arms, due to the methylene group positioned between the 
phosphonic acid and phenyl group. These characteristics allow the arms to extend in both the syn 
and anti configuration (Figure 6.4), providing for the observation of several unique structures.  
 
  
Figure 6.4. The syn and anti configuration of 1,4-xylene diphosphonate.  
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Furthermore, fluorine was introduced in an effort to observe the structural consequences 
of the replacement of oxo-groups with fluoride ligands in the structure. From our studies we have 
synthesized two novel vanadium diphosphonate materials and six vanadium oxyfluoride 
diphosphonate compounds. The following materials of the oxovanadium/organo-
diphosphonate/Cu(II)-imine or oxyfluorovanadium/organo-diphosphonate/Cu(II)-imine family 
have been synthesized: the one-dimensional materials of [Cu2(2,2’-dpa)2V2O5(1,3- 
O3PC8H8PO3)] (2) and [Cu2(o-phen)2V2F2O4(H2O)(1,3-O3PC8H8PO3)] (3), the two-dimensional 
layered materials of [Cu(o-phen)VO2H(1,2-O3PC8H8PO3)] (1), [Cu2(o-phen)2V2F2O4(1,4-
O3PC8H8PO3)] (4), [Cu2(2,2’-dpa)2V2F2O4(1,2-O3PC8H8PO3)] (5)  and  [Cu2(2,2’-
dpa)2V2F2O4(1,3- O3PC8H8PO3)]·H2O (6·H2O), along with the three-dimensional frameworks of 
[Cu2(2,2’-bpy)2V2F2O4(1,4-O3PC8H8PO3)] (7) and  [Cu2(tpyprz)(H2O)2V2F2O4(1,3-
O3PC8H8PO3)]·2H2O (8·2H2O).           
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6.2 Experimental Section 
All chemicals were used as obtained without further purification with the exception of 
para-xylene diphosphonic acid, ortho-xylene diphosphonic acid and meta-xylene diphosphonic 
acid which were synthesized in a similar fashion to the method published in literature using their 
respective dibromide starting materials [20].  Copper(II) acetate monohydrate (98%), 2,2′-
bipyridine (99%), 1,10-phenanthroline (99%), tetra-2-pyridinylpyrazine (97%), 2,2’-
dipyridylamine (99%), and hydrofluoric acid (48 wt. % in H2O) were all purchased from Sigma-
Aldrich. Vanadium(V) oxide (99.9%) was purchased from VWR.  All syntheses were carried out 
in 23-mL poly(tetrafluoroethylene)-lined stainless steel containers under autogeneous pressure.  
The pH of the solutions were measured prior to and after heating using pHydrion vivid 1-11® 
pH paper.  Water was distilled above 3.0MΩ in-house using a Barnstead Model 525 Biopure 
Distilled Water Center.  
 
6.2.1 Synthesis of [Cu(o-phen)VO2H(1,2-O3PC8H8PO3)] (1) 
A solution of vanadium(V) oxide (0.092g, 0.51mmol), copper(II) acetate monohydrate 
(0.200g, 1.00mmol), 1,10-phenanthroline (0.160g, 0.89mmol), o-xylene-diphosphonic acid 
(0.116g, 0.43mmol), H2O (10mL, 556mmol) and HF (400µL, 11.6mmol) with the mole ratio of 
1:1.96:1.75:0.84:1090:22.7 was stirred briefly before heating to 120°C for 4 days.  The initial 
and final pH values were 1 and 1, respectively.  Blue rods suitable for X-Ray diffraction were 
isolated in 50% yield.  IR (KBr pellet, cm-1): 3069(w), 2944(w), 1585(w), 1519(w), 1492(w), 
1425(m), 1403(m), 1321(w), 1246(w), 1210(s), 1165(s), 1106(w), 1067(m), 954(s), 933(s), 
874(w), 850(m), 777(w), 721(m), 592(w), 519(m), 461(w). Anal. Calc. for C20H17CuN2O8P2V: 
C, 40.7, H, 2.88; N, 4.75.  Found: C, 40.5; H, 2.99; N, 4.62%. 
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6.2.2 Synthesis of [Cu2(2,2’-dpa)2V2O5(1,3- O3PC8H8PO3)] (2) 
A solution of vanadium(V) oxide (0.077g, 0.42mmol), copper(II) acetate monohydrate 
(0.207g, 1.04mmol), 2,2’-dipyridylamine (0.083g, 0.48mmol), m-xylene-diphosphonic acid 
(0.055g, 0.21mmol), H2O (5mL, 278mmol) and HF (100µL, 2.9mmol) with the mole ratio of 
1:2.48:1.14:0.5:662:6.9 was stirred briefly before heating to 135°C for 48 hours.  The initial and 
final pH values were 2 and 2, respectively.  Green plates suitable for X-Ray diffraction were 
isolated in 90% yield.  IR (KBr pellet, cm-1): 3929(w), 3241(w), 3187(w), 3131(w), 3075(w), 
3011(w), 1643(m), 1585(m), 1529(m), 1479(s), 1436(m), 1326(w), 1239(m), 1187(s), 1151(m), 
1114(m), 1055(m), 989(m), 940(s), 865(m), 819(s), 865(m), 819(s), 692(w), 647(w), 583(w), 
531(m), 433(m). Anal. Calc. for C28H26Cu2N6O11P2V2:  C, 36.8; H, 2.85; N, 9.20.  Found: C, 
37.3; H, 3.02; N, 9.18%. 
 
6.2.3 Synthesis of [Cu2(o-phen)2V2F2O4(H2O)(1,3-O3PC8H8PO3)] (3) 
A solution of vanadium(V) oxide (0.092g, 0.51mmol), copper(II) acetate monohydrate 
(0.200g, 1.00mmol), 1,10-phenanthroline (0.160g, 0.89mmol), m-xylene-diphosphonic acid 
(0.116g, 0.43mmol), H2O (10mL, 556mmol) and HF (400µL, 11.6mmol) with the mole ratio of 
1:1.96:1.75:0.84:1090:22.7 was stirred briefly before heating to 120°C for 4 days.  The initial 
and final pH values were 1 and 1, respectively.  Green blocks suitable for X-Ray diffraction were 
isolated in 90% yield.  IR (KBr pellet, cm-1): 3201(w), 3047(w), 2893(w), 1604(w), 1579(m), 
1515(m), 1424(m), 1162(s), 1119(s), 1101(s), 1069(s), 1045(s), 1002(s), 938(s), 872(s), 847(s), 
812(s), 721(s), 706(s), 558(m), 515(s), 474(s). Anal. Calc. for C32H26Cu2F2N4O11P2V2:  C, 40.8; 
H, 2.68; N, 5.76; F, 3.91.  Found: C, 40.3; H, 2.55; N, 5.66; F, 3.22%. 
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6.2.4 Synthesis of [Cu2(o-phen)2V2F2O4(1,4-O3PC8H8PO3)] (4) 
A solution of vanadium(V) oxide (0.092g, 0.51mmol), copper(II) acetate monohydrate 
(0.200g, 1.00mmol), 1,10-phenanthroline (0.160g, 0.89mmol), p-xylene-diphosphonic acid 
(0.116g, 0.43mmol), H2O (10mL, 556mmol) and HF (400µL, 11.6mmol) with the mole ratio of 
1:1.96:1.75:0.84:1090:22.7 was stirred briefly before heating to 150°C for 4 days.  The initial 
and final pH values were 1 and 1, respectively.  Blue blocks suitable for X-Ray diffraction were 
isolated in 60% yield.  IR (KBr pellet, cm-1): 3434 (m), 3065(m), 1609(w), 1585(m), 1518(s), 
1493(w), 1427(s), 1248(s), 1203(s), 1171(s), 1108(s), 1086(s), 1054(s), 995(s), 933(w), 849(s), 
778(s), 740(s), 721(s), 642(s), 588(s). Anal. Calc. for C16H12CuFN2O5PV: C, 40.3; H, 2.52; N, 
5.87. Found: C, 40.6; H, 2.63; N, 5.76%. 
 
6.2.5 Synthesis of [Cu2(2,2’-dpa)2V2F2O4(1,2-O3PC8H8PO3)] (5) 
A solution of vanadium(V) oxide (0.092g, 0.51mmol), copper(II) acetate monohydrate 
(0.200g, 1.00mmol), 2,2’-dipyridylamine (0.152g, 0.89mmol), o-xylene-diphosphonic acid 
(0.116g, 0.43mmol), H2O (10mL, 556mmol) and HF (400µL, 11.6mmol) with the mole ratio of 
1:1.96:1.75:0.84:1090:22.7 was stirred briefly before heating to 120°C for 4 days.  The initial 
and final pH values were 1 and 1, respectively.  Green rods suitable for X-Ray diffraction were 
isolated in 40% yield.  IR (KBr pellet, cm-1): 3299(w), 3248(w), 3207(w), 3145(w), 3083(w), 
3041(w), 2915(w), 1702(w), 1637(s), 1588(m), 1529(s), 1482(s), 1434(m), 1232(m), 1160(m), 
1087(s), 1052(s), 1026(s), 982(s), 928(s), 840(m), 803(w), 785(w), 759(s), 559(m), 513(m), 
441(w). Anal. Calc. for C14H13CuFN3O5PV:  C, 35.9; H, 2.78; N, 8.98.  Found:  C, 35.8; H, 2.69; 
N, 3.95%. 
 
278 
 
6.2.6 Synthesis of [Cu2(2,2’-dpa)2V2F2O4(1,3- O3PC8H8PO3)]·H2O (6·H2O) 
A solution of vanadium(V) oxide (0.092g, 0.51mmol), copper(II) acetate monohydrate 
(0.200g, 1.00mmol), 2,2’-dipyridylamine (0.152g, 0.89mmol), p-xylene-diphosphonic acid 
(0.116g, 0.43mmol), H2O (10mL, 556mmol) and HF (400µL, 11.6mmol) with the mole ratio of 
1:1.96:1.75:0.84:1090:22.7 was stirred briefly before heating to 150°C for 4 days.  The initial 
and final pH values were 1 and 1, respectively.  Green rods suitable for X-Ray diffraction were 
isolated in 40% yield.  IR (KBr pellet, cm-1): 3477(w), 3284(w), 3237(w), 3194(w), 3136(w), 
3080(w), 3037(w), 2939(w), 2901(w), 1714(w), 1638(m), 1587(m), 1531(m), 1497(s), 1437(m), 
1421(m), 1361(m), 1273(w), 1229(m), 1161(m), 1141(m), 1110(m), 1059(w), 1039(m), 995(m), 
972(s), 904(m), 763(s), 706(m), 527(m), 471(w). Anal. Calc. for C28H28Cu2F2N6O11P2V2: C, 
35.2; H, 2.94; N, 8.81; F, 3.99.  Found: C, 34.7; H, 2.66: N, 8.66; F, 4.25%. 
 
6.2.7 Synthesis of [Cu2(2,2’-bpy)2V2F2O4(1,4-O3PC8H8PO3)] (7) 
A solution of vanadium(V) oxide (0.092g, 0.51mmol), copper(II) acetate monohydrate 
(0.200g, 1.00mmol), 2,2’-bipyridine (0.138g, 0.89mmol), p-xylene-diphosphonic acid (0.116g, 
0.43mmol), H2O (10mL, 556mmol) and HF (400µL, 11.6mmol) with the mole ratio of 
1:1.96:1.75:0.84:1090:22.7 was stirred briefly before heating to 120°C for 4 days.  The initial 
and final pH values were 1 and 1, respectively.  Green rods suitable for X-Ray diffraction were 
isolated in 90% yield. IR (KBr pellet, cm-1): 3434(w), 3112(w), 3085(w), 2913(w), 1602(s), 
1567(m), 1513(m), 1494(m), 1471(m), 1445(s), 1309(m), 1249(s), 1207(m), 1168(s), 1089(m), 
1057(m), 1033(m), 997(s), 940(s), 827(w), 798(m), 767(s), 730(m), 642(s), 591(s), 495(w). 
Anal. Calc. for C28H24Cu2F2N4O10P2V2: C, 37.1; H, 2.65; N, 6.19.  Found: C, 37.2; H, 2.43; N, 
6.22%. 
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6.2.8 Synthesis of [Cu2(tpyprz)(H2O)2V2F2O4(1,3-O3PC8H8PO3)]·2H2O (8·2H2O) 
A solution of vanadium(V) oxide (0.077g, 0.42mmol), copper(II) acetate monohydrate 
(0.207g, 1.04mmol), tetra-2-pyridinylpyrazine (0.094g, 0.24mmol), m-xylene-diphosphonic acid 
(0.055g, 0.21mmol), H2O (5mL, 278mmol) and HF (100µL, 2.9mmol) with the mole ratio of 
1:2.48:0.57:0.5:662:6.9 was stirred briefly before heating to 135°C for 48 hours.  The initial and 
final pH values were 2 and 2, respectively.  Green rods suitable for X-Ray diffraction were 
isolated in 40% yield. IR (KBr pellet, cm-1): 3245(m), 3102(m), 3075(m), 1641(m), 1597(m), 
1494(m), 1413(m), 1385(w), 1259(w), 1213(m), 1167(w), 1146(m), 1085(s), 1064(s), 960(s), 
926(s), 901(s), 814(m), 788(s), 757(w), 709(s), 685(w), 649(w), 569(s), 547(s). Anal. Calc. for 
C16H16CuFN3O7PV: C, 36.4; H, 3.04; N, 7.97; F, 3.61.  Found: C, 35.9; H, 2.76; N, 7.66; F, 
3.78%. 
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6.2.9 X-Ray Crystallography 
Crystallographic data for compounds all compounds were collected on a Bruker KAPPA 
APEX DUO diffractometer using Mo-Kα radiation (λ = 0.71073Å) containing an APEX II CCD 
system [21]. All data collections were taken at low temperature (90K).  The data were corrected 
for Lorentz and polarization effects [22], and adsorption corrections were made using SADABS 
[23].  Structures were solved by direct methods.  Refinements for each structure were carried out 
using the SHELXTL crystallographic software [24].  Following assigning all non-hydrogen 
atoms, the models were refined against F2 first using isotropic and then using anisotropic thermal 
displacement parameters.  The hydrogen atoms were introduced in calculated positions and then 
refined isotropically.  Neutral atom scattering coefficients along with anomalous dispersion 
corrections were taken from the International Tables, Vol. C.  Images of the crystal structures 
were generated using CrystalMaker® [25]. Crystallographic details for the structures of 1-14 are 
summarized in Table 6.1. Table 6.2 and Table 6.3 provide selected average bond lengths for the 
non-fluorinated and fluorinated compounds of this study, respectively.  
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6.2.10 Magnetism 
Magnetic measurements were performed on a Quantum Design SQUID, MPMS-XL 
magnetometer. Magnetic susceptibility measurements for the complexes of this study were 
carried out in the direct current (dc) mode in an applied field of 0.1 T in the 2–300 K range. The 
measurements were performed on polycrystalline samples of compound at 1000 Oe. Magnetic 
data obtained for samples were corrected for diamagnetic contributions by the use of the Pascal 
constants. 
 
6.2.11 Thermal Gravimetric Analysis 
TGA data were collected on a TA instruments Q500 v6.7 Thermogravimetric Analyzer. 
Data was collected on samples that ranged between 5 and 15 mg, ramping the temperature at 
10°C/minute between 25°C to 800°C. 
 
6.3 Results and Discussion 
 
 6.3.1 Synthesis and Infrared Spectroscopy 
Structures (1)-(8) were all synthesized through conventional hydrothermal methods 
which supply ideal conditions for the synthesis of hybrid metal-organic materials [26-30]. The 
structures were synthesized from a combination of vanadium(V) oxide, copper(II) acetate 
monohydrate, a xylyldiphosphonate ligand (1,2- 1,3- or 1,4-xylyldiphosphonate), an organo-
nitrogen ligand and water at temperatures ranging from 120-150°C from two to four days. In 
most cases HF was added as a mineralizer or in excess in hopes of achieving fluoride 
incorporation in the final structure. This was achieved for structures 3-8.  
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All structures share the same common feature of phosphonate groups (RPO3), which 
correspond to IR bands between 1000-1200cm-1[31]. The majority of the structures exhibit an IR 
band in the 945-983 cm-1 region which assigned to the v(V=O). Interestingly, most of the 
vanadium oxyfluoride structures do not exhibit his band. Prominent bands in the 1400-1650 cm-1 
area are assigned to the imine ligands. In structures where coordinated water is present, 6·H2O 
and 8·2H2O, there is a corresponding band around 3100cm
-1.  
 
6.3.2 X-Ray Structures 
The structure of [Cu(o-phen)VO2H(1,2-O3PC8H8PO3)] (1) is a two-dimensional layer that 
is constructed from a building unit that consists of a corner-sharing copper(II) square pyramid 
and a tetrahedral vanadium center. These binuclear units are tethered in four directions by 1,3-
xylenediphosphonate to provide the connectivity for the two-dimensional layer. A depiction of 
the layer is displayed in Figure 6.5. 
 
 
Figure 6.5. Mixed polyhedral and ball and stick representation of 
O3PC8H8PO3)] (1). Hydrogen atoms are removed for clarity 
unless otherwise noted: vanadium (orange polyhedra), copper (blue polyhedra), phosphorous 
(yellow polyhedra), oxygen (red spheres), nitrogen (blue spheres), carbon (black spheres)).
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   The geometry at the copper(II) center is described as ‘4+1’ square pyramidal with 
coordination to two nitrogen atoms from the 1,10-phenanthroline organo-nitrogen ligand, two 
phosphonate oxygen atoms in the basal plane, and a bridging vanadium oxo-group in the apical 
position. The average Cu-O bond lengths for the basal and apical bonds are 1.927(1)Å and 
2.459(1)Å, respectively. The vanadium(V) tetrahedra coordinate to two different phosphonate 
oxygen atoms, a bridging copper oxo-group and a hydroxo group. The hydrogen atom of the 
hydroxo group was assigned from a peak in the difference Fourier map.   
 There are two distinct phosphonate oxygen environments. The first phosphonate 
tetrahedra links a vanadium center of one binuclear unit to a copper center of the adjacent 
binuclear unit through two corner-sharing interactions. The third terminus is pendant and is 
clearly unprotonated with a P-O bond length of 1.506(1)Å. The second phosphonate tetrahedra 
bridges the copper-vanadium binuclear unit. Essentially, the phosphonate atom can be viewed as 
a part of the unit making it a trinuclear unit. This phosphonate coordinates to one copper oxo-
group, one vanadium oxo-group and is pendant and unprotonated at its third terminus with a P-O 
bond length of 1.504(1)Å. The 1,10-phenanthroline organo-nitrogen ligands project above and 
below the layer preventing expansion into the third dimension. 
 The one-dimensional chain of [Cu2(2,2’-dpa)2V2O5(1,3-O3PC8H8PO3)] (2) is constructed 
from bimetallic copper-vanadium tetranuclear units. Each tetranuclear unit is constructed from a 
diad of copper and vanadium centers. The tetranuclear units are tethered to one another through 
the diphosphonate ligand, forming a one-dimensional chain. A depiction of the structure of 
[Cu2(2,2’-dpa)2V2O5(1,3-O3PC8H8PO3)] (2) is displayed in Figure 6.6(a), the connectivity of the 
metal chain with organics removed is displayed in Figure 6.6(b). 
 
 
 
Figure 6.6. (a) A mixed polyhedral and ball and stick representation of the one
chain of [Cu2(2,2’-dpa)2V2O5(1,3
dpa)2V2O5(1,3-O3PC8H8PO3)] (2
clarity.   
 
 
The copper(II) centers display a ‘4+1’ axially distorted square pyramidal geometry. Each 
Cu(II) center is coordinated to two nitrogen atoms from the 2,2’
ligand, a phosphonate oxygen atom which corner
phosphonate oxo-group in the basal plane. In the apic
to a vanadium oxo-group. The average Cu
2.120(4)Å, respectively. 
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 The vanadium(V) tetrahedral centers display two distinct environments. The first 
vanadium center coordinates to two oxo-groups from two different copper(II) centers via corner-
sharing interactions, one phosphonate oxo-group that bridges two groups of vanadium diads and, 
lastly, corner-shares with a vanadium oxo-group. The second vanadium(V) tetrahedra 
coordinates to one phosphonate oxygen atom which bridges two groups of vanadium diads, 
corner shares to one vanadium oxo-group and has two pendant oxo-groups which are 
uncoordinated.  
 Furthermore, there are two distinct phosphonate environments. The first phosphonate 
tetrahedra coordinates to copper oxo-groups at all three termini, bridging two groups of copper 
diads to one another. The second phosphonate tetrahedra bridges two groups of vanadium diads 
at two termini and remains uncoordinated at its third terminus with a P-O bond distance of 
1.485(2)Å. These two phosphonate environments are linked via the organic tether of the 
diphosphonate ligand, projecting in an alternating manner above and below the one dimensional 
chain. The coordination of the vanadium and copper diads to one another produces the bimetallic 
vanadium-copper tetranuclear unit.  
Six of the eight compounds synthesized in this work were of the oxo-fluorovanadium 
diphosphonate family of materials. Of the oxyfluorovanadium diphosphonate compounds, one 
compound forms a one-dimensional chain, [Cu2(o-phen)2V2F2O4(H2O)(1,3-O3PC8H8PO3)] (3), 
and three are two-dimensional layers, compounds [Cu2(o-phen)2V2F2O4(1,4-O3PC8H8PO3)] (4), 
[Cu2(2,2’-dpa)2V2F2O4(1,2-O3PC8H8PO3)] (5)  and  [Cu2(2,2’-dpa)2V2F2O4(1,3- 
O3PC8H8PO3)]·H2O (6·H2O). The last two materials, [Cu2(2,2’-bpy)2V2F2O4(1,4-O3PC8H8PO3)] 
(7) and  [Cu2(tpyprz)(H2O)2V2F2O4(1,3-O3PC8H8PO3)]·2H2O (8·2H2O) displayed three-
dimensional frameworks. 
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As stated previously compound [Cu2(o-phen)2V2F2O4(H2O)(1,3-O3PC8H8PO3)] (3) forms 
a one-dimensional chain. A ball and stick representation of the structure is displayed in Figure 
6.7. The structure is build from copper diphosphonate chains which are tethered together into a 
double chain material by a vanadium oxyfluoride diad.  
There are two distinct copper(II) centers, both displaying ‘4+1’ square pyramidal 
geometry. The first copper(II) center coordinates to two nitrogen atoms from the 1,10-
phenanthroline organo-nitrogen ligand and two phosphonate oxygen atoms in the basal plane. In 
the apical position the Cu(II) center corner-shares to a vanadium oxo-group of the vanadium 
diad. The second copper(II) center coordinates to two nitrogen atoms from the 1,10-
phenanthroline organo-nitrogen ligand and to two phosphonate oxygen atoms in the basal plane. 
In the apical position the Cu(II) center corner-shares to a vanadium oxo-group of the pendant 
vanadium(V) center. The average Cu-O basal and apical bond lengths are 1.936(2)Å and 
2.253(3)Å, respectively.  
The phosphonate tetrahedra also display two distinct environments. Both phosphonate 
tetrahedra coordinate to two copper oxo-groups, however, at its third terminus one phosphonate 
atom corner-shares with a vanadium oxo-group of the vanadium diad, while the other 
phosphonate atom corner-shares to a vanadium oxo-group of the pendant vanadium(V) center. 
The copper and phosphonate polyhedra form the common building unit of {M2(N~N)2(O,O′-
phosphonate)2}. These building units are linked into a chain by the organic tether of the 
diphosphonate ligand.  
There are two distinct environments for the vanadium(V) square pyramids. The first 
vanadium(V) square pyramid coordinates to one phosphonate oxygen atom, one copper oxo- 
group, one terminal oxo-group and two fluoride ligands which bridge to an identical vanadium 
 
site, forming a diad. Through the coordination of the vanadium centers to the phosphonate and 
copper oxo-groups, the vanadium diads bri
double-chain. Unique in this structure is the fact that two copper diphosphonate chains are 
tethered together into a double chain through a bridging vanadium diad. 
vanadium(V) center coordinates to one phosphonate oxygen atom, corner
oxo-group, and has three terminal atoms
ligand. Because the second vanadium center does not coordinate at its terminal 
groups, structural expansion into two
 
Figure 6.7. A ball and stick representation of the double
phen)2V2F2O4(H2O)(1,3-O3PC8H
 
 
 Compound [Cu2(o-phen)2
two-dimensional layer. The layer is constructed from chain building units which are linked by 
the organic tether of the diphosphonate ligand into a two
building units consist of {Cu2(N~N)
linked to one another though vanadium oxyfluoride groups. 
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 The geometry at the copper(II) center is described as {CuN2O3} ‘4+1’ square pyramidal 
with coordination to two nitrogen atoms from the 1,10-phenanthroline organo-nitrogen ligand 
and two phosphonate oxygen atoms in the basal plane. In the apical position the Cu(II) center 
participates in a corner-sharing interaction to a vanadium oxo-group. The Cu-O average basal 
and apical bond lengths are 1.934(2)Å and 2.325(4)Å, respectively. The vanadium(V) tetrahedra 
is coordinated to one phosphonate oxygen atom, one corner-sharing copper oxo- group, one 
terminal oxo-group and one terminal fluoride ligand, yielding {VFO3}. Each phosphonate 
tetrahedra corner-shares to two copper oxo-groups and one vanadium oxo-group. The organo-
nitrogen ligands project above and below the plane of the layer, preventing expansion beyond 
two-dimensions. 
 
 
 
 
  
Figure 6.8. Mixed polyhedral and ball and stick representation of the two
of [Cu2(o-phen)2V2F2O4(1,4-O3PC
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The structure of [Cu2(2,2’-dpa)2V2F2O4(1,2-O3PC8H8PO3)] (5) is a two-dimensional 
layer, displayed in Figure 6.9(a). Essentially, compound 5 is constructed from vanadium-
copper-phosphonate chains which are then linked into a two-dimensional layer by the 
diphosphonate tether. It is interesting to note that by changing the xylyldiphosphonate ligand 
used from 1,4-xylyldiphosphonate to 1,2-xylyldiphosphonate and also changing the organo-
nitrogen chelate yields chain building units that are quite distinct from those that were seen in 
compound 4. 
 The chain building unit is constructed from a copper(II) square pyramid, a vanadium(V) 
square pyramid and a phosphonate tetrahedra. These building units coordinate to one another 
through corner-sharing interactions to form a chain. The chain building units are then tethered by 
1,3-xylenediphosphonate into a two-dimensional network. 
 The coordination environment at the copper(II) center is described as a ‘4+1’ square 
pyramid with coordination in the basal plane to two nitrogen atoms from 2,2’-dipyridylamine, 
one phosphonate oxygen atom and one vanadium oxo-group. In the apical position the Cu(II) 
center corner-shares to a vanadium center via a fluoride ligand. The average Cu-O basal bond 
length is 1.944(3)Å and the apical Cu-F bond distance is 2.230(3)Å.  
Each vanadium(V) square pyramid corner-shares to one copper oxo-group, one copper 
fluoride ligand, two phosphonate oxygen atoms and at its fifth terminus it has a terminal oxo-
group. Each phosphonate tetrahedra corner-shares to two vanadium oxo-groups and one copper 
oxo-group. The 2,2’-dipyridylamine organo-nitrogen ligands project above and below the plane 
of the layer preventing further dimensional expansion (Figure 6.9(b)). 
 
 
 
Figure 6.9. Mixed polyhedral and ball and stick representation of (
network of [Cu2(2,2’-dpa)2V2F2O
in [Cu2(2,2’-dpa)2V2F2O4(1,2-O3
 
 
 
 
 
296 
(a) 
(b) 
a) the two-dimensional 
4(1,2-O3PC8H8PO3)] (5) and (b) a view of the side of the layer 
PC8H8PO3)] (5). Hydrogen atoms are removed for clarity.
 
 
      
 
 Compound [Cu2(2,2’-dpa
dimensional layer, displayed in Figure 6.10
two different alternating chain building units. These two chain building units are then linked into 
a layer though the 1,3-xylyldiphosphonate ligand.
 
Figure 6.10. Mixed polyhedral and ball and stick re
water molecules of crystallization are not shown for clarity.
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The first chain building unit, displayed in Figure 6.11(a), is identical to the chain 
substructure of 5. The second chain building unit, displayed in Figure 6.12(b) is quite different 
in that it is constructed from tetranuclear copper-vanadium units, tethered to one another via 
phosphonate tetrahedra. The geometry at the Cu(II) center is described as {CuN2O3} ‘4+1’ 
square pyramidal with coordination in the basal plane to one phosphonate oxygen atom, one 
vanadium oxo-group via a corner-sharing interaction and two nitrogen atoms from the 2,2’-
dipyridylamine organo-nitrogen ligand. In the apical position the Cu(II) center participates in a 
corner-sharing interaction with a vanadium oxo-group. The average Cu-O basal and apical 
distances are 1.932(5)Å and 2.189Å, respectively. 
 The vanadium(V) distorted square pyramid participates in two corner-sharing interactions 
with the Cu(II) center and also coordinates to two phosphonate oxygen atoms. At its fifth 
terminus the vanadium coordinates to a terminal fluoride ligand. Each phosphonate atom 
coordinates to two vanadium oxo-groups and one copper oxo-group. The phosphonate center 
acts to link the tetranuclear vanadium-copper units to one another, and by doing so, forms the 
usual [V2(O,O’-phosphonate)2] with the vanadium square pyramids.  
 As stated previously, the two different chain environments alternate and are tethered to 
one another though the xylyldiphosphonate ligand. The 2,2’-dipyridylamine organo-nitrogen 
ligand projects above and below the plane of the layer to prevent further dimensional expansion. 
 
 
 
 
 
 
Figure 6.11. Mixed polyhedral and ball and 
environments, (a) and (b) in [Cu2
atoms and water molecules of crystallization are not shown for clarity.
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 Compound [Cu2(2,2’-bpy)2V2F2O4(1,4-O3PC8H8PO3)] (7) is three dimensional and is 
depicted in Figure 6.12. Compound 7 is built from copper-vanadium-phosphonate layers which 
are linked together into a three-dimensional network by the organic tether of the diphosphonate 
ligand. The metal phosphonate layer is built from the common {Cu2(N~N)2(O,O′-
phosphonate)2} secondary building unit. This secondary building unit is then tethered through 
corner-sharing interactions in four directions by a vanadium oxyfluoride, {VO3F}, forming the 
layered backbone of the structure (Figure 6.13). The linkage of the metal phosphonate layer 
connects in such a way as to form a twenty-four membered {Cu-O-V-O-P-O-}4 heterocycle.  
 
 
 
Figure 6.12. Mixed polyhedral and ball and stick representation of the three
structure of [Cu2(2,2’-bpy)2V2F2O
clarity. 
 
 
 The environment at the Cu(II) center is described as ‘4+1’ square pyramidal with 
coordination in the basal plane to two nitrogen atoms from the 2,2
ligand and two phosphonate oxygen atoms. In the apical position the Cu(II) square pyramid is 
coordinated to a vanadium oxo-group. The average Cu
1.927(2)Å and 2.332(4)Å, respectively. 
The vanadium(V) tetrahedra are coordinated to one phosphonate oxo
oxo-group, one terminal fluoride ligand and one terminal oxo
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4(1,4-O3PC8H8PO3)] (7). Hydrogen atoms are not shown for 
’-bipyridine organo
-O basal and apical bond lengths are 
 
-group, one copper 
-group. The phosphonate tetrahedra 
 
-nitrogen 
 
are coordinated to one vanadium oxo
{Cu2(N~N)2(O,O′-phosphonate)2
sufficient space for the 2,2’-bipyridine ligands to partially nestle into the space. The approximate 
cavity dimensions are 10Å by 4.5
 
Figure 6.13. The metal-phosphonate backbone layer of 
O3PC8H8PO3)] (7) with organics removed.
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} secondary building unit. The heterocyclic cavities provide 
Å.  
[Cu2(2,2’-bpy)2V2F2O4(1,4
 Hydrogen atoms are not shown for clarity.
in the 
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 Compound [Cu2(tpyprz)(H2O)2V2F2O4(1,3-O3PC8H8PO3)]·2H2O (8·2H2O), displayed in 
Figure 6.14(a) and Figure 6.14(b), is also three-dimensional. The three-dimensional structure is 
build from vanadium oxyfluoride chains which are tethered into a layer by the organic tether of 
the diphosphonate ligand (Figure 6.15(a)). The vanadium phosphonate layers are then linked 
into three dimensions by the {Cu2(tpyprz)}
4+ groups (Figure 6.15(b)).  
 The environment at the copper(II) center is described as ‘4+1’ square pyramidal with 
coordination to three nitrogen atoms from the tetra-2-pyridinylpyrazine organo-nitrogen ligand 
and one phosphonate oxygen atom in the basal plane. In the apical position the Cu(II) center is 
coordinated to a terminal aqua ligand. The Cu-O basal bond length is 1.890(3)Å and the Cu-O 
apical bond length is 2.194Å.  
The vanadium(V) center is square pyramidal with coordination to two phosphonate 
oxygen atoms, one terminal fluoride ligand and two terminal oxo-groups. The phosphonate 
tetrahedra is coordinated to two vanadium oxo-groups and one copper oxo-group. Coordination 
in all cases is through corner-sharing interactions.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.14. Mixed polyhedral and ball and stick representation of the three
structure of [Cu2(tpyprz)(H2O)2V
crystallographic axis and (b) down the 
molecules of crystallization are not shown for clarity.
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(a) 
(b) 
-dimensional 
2F2O4(1,3-O3PC8H8PO3)]·2H2O (8·2H2O) (a) down the 
c-crystallographic axis. Hydrogen atoms and water 
 
 
 
b-
 
Figure 6.15. (a) The two-dimensional layer building unit in 
O3PC8H8PO3)]·2H2O (8·2H2O) and 
dimensional framework by the {Cu
crystallization are not shown for clarity.
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(a) 
(b) 
[Cu2(tpyprz)(H2O)2V
(b) the two-dimensional layers tethered into a three
2(tpyprz)}
4+ groups.  Hydrogen atoms and water molecules of 
   
 
2F2O4(1,3-
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6.3.3 Magnetic Susceptibility Studies 
The temperature-dependent magnetic susceptibilities of representative compounds of this 
study were investigated. Compound 2 exhibits dimeric copper(II) sites with a distance between 
each monomer of 3.16Å. The magnetic data for compound 2 was fit to the Curie-Weiss law with 
a temperature independent paramagnetism (TIP) term included to account for baseline correction 
(Figure 6.16).  The expression to fit the data is:      
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or a function of the effective magnetic moment: 
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where µeff
2 = g2S(S+1). For d9 Cu(II), S = 1/2, the best fit provided the parameters: µeff = 1.95 ± 
0.29µB, θ = -32.5 ± 4.8K and g =  2.25.  
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Figure 6.16. The magnetic susceptibility plot for compound 2. 
 
 In contrast, the temperature dependence of the magnetic susceptibilities of compounds 7 
and 8·2H2O exhibit low temperature maxima, indicative of antiferromagnetic interactions, as 
shown in Figure 6.17 for compound 7 and in Figure 6.18 for compound 8·2H2O.  The best 
description for the experimental results were obtained using the Heisenberg dimer model for two 
S = 1/2 Cu(II) sites where the general isotropic exchange Hamiltonian, H, is given as H = -
2JS1·S2 with J as the coupling constant.  The magnetic susceptibility is then: 
 
χ = (1−ρ)C
2e2x
1+ 3e2x
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where C= Ng2µB
2/kBT, x = J/kBT, N is the Avogadro’s number, µB is the Bohr magneton, and kB is 
the Boltzmann constant. Taking into account the presence of paramagnetic impurities, ρ, and 
TIP, the expression used in the analysis is: 
 
χ = 1−ρ( )C
2e2x
1+ 3e2x
+ρ
S S +1( )
3
C
T − θ
+TIP  
 
where ρ is the impurity fraction, the first term is the cluster susceptibility, the second term is the 
Curie-Weiss expression for monomeric impurities, and the last term is the temperature-
independent susceptibility. For compound 7 the best fit was obtained with g = 2.09, J/kB = -
14.87 K, ρ = 0.56, θ = -78.32 K, and TIP = -0.00054 cm3/mol. For compound 8·2H2O the best fit 
was obtained with g = 1.8, J/kB = -26.52 K, ρ = 0.46, θ = -6.99 K, and TIP = -9.510-8 cm3/mol.   
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Figure 6.17. The magnetic susceptibility plot for compound 7. 
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Figure 6.18. The magnetic susceptibility plot for compound 8·2H2O. 
 
 
6.3.4 Thermal Gravimetric Analysis 
The TGA plot of compound 1, displayed in Figure 6.19 is quite thermally stable. The 
only weight loss depicted occurs from ca. 375°C and gradually continues until the limiting 
temperature of the instrument, 800°C. The weight loss is about 20% and is attributed to the start 
of the decomposition of the 1,10-phenanthroline organo-nitrogen ligand. What remains is most 
likely a mixed metal-phosphonate material. 
The TGA plot of compound 2, provided in Figure 6.20, displays stability up to a 
temperature of ca. 380°C. From that temperature until about 425°C there is a weight loss of 
about 17% which is attributed to the loss of one of the 2,2’-dipyridylamine organo-nitrogen 
ligands (19%, calculated). The next weight loss takes place between 425°C and 800°C which is 
assigned to the start of the decomposition of the second organo-nitrogen ligand. The remaining 
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residue is most likely a mixed metal-phosphonate material. The TGA plots for compounds 4, 5, 
and 7 display similar weight losses in their respective TGA plots. 
The initial weight loss displayed in the TGA plot of compound 3 (Figure 6.21) occurs 
between room temperature and about 225°C. This weight loss is around 2.5% and is attributed to 
the loss of the coordinated water molecule (2%, calculated). A plateau of stability is then 
observed between 225°C and 350°C, followed by a gradual weight loss of about 16% between 
350°C to the limiting temperature of the instrument, 800°C. This weight loss is attributed to the 
start of the decomposition of one of the organo-nitrogen ligands. What remains is most likely a 
mixed-metal phosphonate material. The TGA plot for compound 6·H2O displays a similar 
weight loss pattern in its TGA plot with the exception being that the first initial weight loss is 
attributed to the water molecule of crystallization, rather than a coordinated water molecule.  
The TGA plot of compound 8·2H2O, provided in Figure 6.22, displays an initial weight 
loss of about 1.5% between room temperature and 50°C which is assigned to the loss of the 
water molecules of crystallization (1.8%, calculated). There is then a plateau of stability from 
50°C to 150°C, followed by a weight loss of about 3.5% between 150°C and 200°C, attributed to 
the loss of the coordinated water molecules (3.2%, calculated). The next weight loss is gradual 
and occurs between 200° to the limiting temperature of the instrument, 800°C. This weight loss 
accounts for about 25% and is assigned to the start of the decomposition of the organo-nitrogen 
ligand. What amorphous residue remains is most likely a metal oxide/phosphate mixture.  
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Figure 6.19. Thermogravimetric analysis profile for compound 1 in the 25-800oC range. 
 
Figure 6.20. Thermogravimetric analysis profile for compound 2 in the 25-800oC range. 
312 
 
 
Figure 6.21. Thermogravimetric analysis profile for compound 3 in the 25-800oC range. 
 
Figure 6.22. Thermogravimetric analysis profile for compound 8·2H2O in the 25-800
oC range.       
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6.4. Conclusions 
 Hydrothermal synthesis has afforded eight novel compounds, two in the 
oxovanadium/organo-diphosphonate/Cu(II)-imine family of materials and six in the 
oxyfluorovanadium/organo-diphosphonate/Cu(II)-imine family of materials.  
 Compounds 1 and 2 of this series belong to the oxovanadium/organo-
diphosphonate/Cu(II)-imine family of materials. Compound 1 is a two-dimensional layer which 
is constructed from binuclear copper-vanadium conduits that are tethered in four directions by 
the xylyldiphosphonate ligand to produce a two-dimensional network material. Compound 2, on 
the other hand, is a one-dimensional chain which is constructed from copper-vanadium 
tetranuclear units tethered by the diphosphonate ligand. Small changes in the reaction conditions, 
and changing from the 1,2-xylyldiphosphonate ligand used in compound 1 to the 1,3-
xylyldiphosphonate ligand in compound 2 leads to drastic structural changes including the 
overall dimensionality of the structure along with the structural building unit. 
 Compounds 3, 4, 5, 6·H2O, 7 and 8·2H2O all belong to the oxyfluorovanadium/organo-
diphosphonate/Cu(II)-imine family of materials. The only one-dimensional chain of the 
oxyfluoride family of materials is represented by compound 3. Compound 3 is constructed from 
copper diphosphonate chains which form the common {Cu2(N~N)2(O,O′-phosphonate)2} 
secondary building unit. These secondary building units are tethered into a double chain by a 
vanadium oxyfluoride diad. A second vanadium tetrahedra coordinated to the chain remains 
uncoordinated preventing further structural expansion. 
 Compounds 4, 5, and 6·H2O are two-dimensional layers. Compound 4, similar to 
compound 3, is built from the common {Cu2(N~N)2(O,O′-phosphonate)2} secondary building 
unit. However, in this case, the secondary building units are linked to one another into a one-
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dimensional chain though vanadium oxyfluoride groups. The diphosphonate ligands then tether 
the one-dimensional chains into a two dimensional layer. 
 By making minor changes in the experimental conditions including changing the 
xylyldiphosphonate ligand from 1,4-xylyldiphosphonate in compound 4 to 1,2-
xylyldiphopshonate along with the organo-nitrogen chelate, the structure of 5, which contains 
distinct building units from compound 4, is produced. As opposed to the common 
{Cu2(N~N)2(O,O′-phosphonate)2} secondary building units displayed in compound 3, compound 
4 is constructed from a chain consisting of corner-sharing copper and vanadium square pyramids 
along with phosphorous tetrahedra. These chain building units are then tethered into a two-
dimensional network via the diphosphonate ligand. 
 The final two-dimensional structure in the series, compound 6·H2O is built from two 
different alternating chain building units. The first chain building unit is identical to the chain 
substructure of compound 5. The second chain building unit is quite distinct from the first in that 
it is constructed from tetranuclear copper-vanadium units, tethered to one another through the 
phosphorous tetrahedra. These two distinct chain building units are then tethered into a two-
dimensional network though the diphosphonate ligand.  
 The two three-dimensional structures in the series are represented by compound 7 and 
compound 8·2H2O. Compound 7 is constructed from copper-vanadium diphosphonate layers 
which form a twenty-four membered {Cu-O-V-O-P-O-}4 heterocycle. These layers are then 
tethered into a three-dimensional framework through the xylyldiphosphonate ligand.  
 As opposed to compound 7 which is built from copper-vanadium diphosphonate layers, 
compound 8·2H2O is constructed from vanadium phosphonate chains, which are linked into a 
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layer by the organic tether of the diphosphonate ligand. These layers are then tethered by the 
{Cu2(tpyprz)}
4+ units into a three-dimensional framework material. 
 Through the course of our studies we have observed that the rich structural chemistry of 
these materials is influenced by a variety of structural determinants. The structural determinants 
include by are not limited to the geometry of the diphosphonate ligand, the coordination 
preferences of the secondary metal, the identity of the imine ligand, variable aqua coordination, 
the flexibility of the M-O-P angle, protonation of oxo-groups, variation in coordination 
polyhedra, along with the numbers and locations of metal(II)-imine subgroups. Furthermore, 
charge density, packing and steric factors are important in the final structure determination.  
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6.6 Supplementary data 
 Additional material available from the Cambridge Crystallographic Data Centre, CCDC 
No. 959452-959459. The material comprises the final atomic coordinates for all atoms, thermal 
parameters, and a complete listing of bond distances and angles.  Copies of this information may 
be obtained free of charge on application to The Director, 12 Union Road, Cambridge, CB2 2EZ, 
UK, fax: +44 1223 336 033, e-mail: data_request@ccdc.cam.ac.uk or 
http://www.ccdc.cam.ac.uk.   
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Chapter 7 
 
Hydrothermal Syntheses and Structures of Bimetallic 
Organoarsonate Compounds of the M(II)- imine/MoxOy/RAsO3
2-
 
Family (M = Ni, Cu, Zn) 
 
The material contained within this chapter is published in Inorganica Chimica Acta (Smith, T. 
M., Strauskulage, L., Perrin, K. A., Zubieta, J., Inorg. Chim. Acta 2013, 407, 48). Images and 
content within this chapter has been reproduced with permission from Elsevier. 
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7.1 Introduction 
 Combining the unique characteristics of organic and inorganic materials provides novel 
solid state materials with structures that display complex or even novel properties [1-3]. One of 
the prototypical classes of hybrid metal-organic frameworks are the metal 
organodiphosphonates, which display structural diversity and wide ranging applications [4-11]. 
One method of designing metal-organodiphosphonate materials exploits organodiphosphonate 
ligands as linkers between metal oxide cluster notes. The oxomolybdate-organodiphosphonate 
family of compounds has proved quite vast; however, there is a persistence of distinct common 
building units, most notably the core of {Mo5O15(O3PR)2}
4- [12-24].  
   Even though there is contemporary interest in the chemistry of metal-
organodiphosphonates, the analogous class of materials incorporating organoarsonate ligands has 
not been widely explored. Some preliminary studies have been done on the chemistry of the Cu-
imine/MoxOy/RAsO3
2- system. Through these studies several common building units have been 
identified, most notably {Mo6O18(O3AsR)2}
4- and {Mo12O34(O3AsR)4}
4- [25-27]. In this work 
the synthesis and structures of members of the M(II)-imine/ MoxOy/RAsO3
2-  
(M = Co, Ni, Cu, Zn) family of material are presented. The structural implications of the 
coordination preferences of the metal, M, the imine ancillary ligand, and the reaction conditions 
are explored. In this work the molecular structures of (4,4’-H2bpy)2[Mo6O18(O3AsC6H5)2]·4H2O 
(1·4H2O), [Co(o-phen)3][Mo6O17(H2O)(OH) (O3AsC6H5)2]·4H2O (2·4H2O), [{M(2,2’-
bpy)2}2Mo6O18(O3AsC6H4NH2)2}] (M = Co(3), Ni(4), Zn(5), [{Cu(2,2’-
dpa)(H2O)}2Mo6O18(O3AsC6H5)2] (6) and (2,2’-Hdpa)2[{Cu(2,2’-dpa)(H2O)2}Mo12O34 
(O3AsC6H5)4]·6H2O (7·6H2O) and the two-dimensional [{Cu(2,2’-
bpy)(H2O)}2Mo6O18(O3AsC6H4NH2)2]·3H2O (8·3H2O) are presented.       
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7.2 Experimental Section 
 
7.2.1 General Synthetic Conditions and Procedures   
All chemicals were used as obtained without further purification.  Molybdenum(VI) 
oxide (99.98%), Copper(II) acetate monohydrate (99%), 2,2′-bipyridine (99%), 1, 10-
phenanthroline (99%), 2,2’-dipyridylamine (99%), p-arsanilic acid and hydrofluoric acid (48 wt. 
% in H2O) were all purchased from Sigma-Aldrich. Cobalt (II) acetate tetrahydrate (99%), 4,4’-
bipyridine (98%), phenylarsonic acid (97%) and ammonium fluoride (96%) were all purchased 
from VWR.  All syntheses were carried out in 23-mL poly(tetrafluoroethylene)-lined stainless 
steel containers under autogeneous pressure.  The pH of the solutions were measured prior to and 
after heating using pHydrion vivid 1-11® pH paper.  Water was distilled above 3.0MΩ in-house 
using a Barnstead Model 525 Biopure Distilled Water Center.  
 
7.2.2. Synthesis of (4,4’- H2bpy)2[Mo6O18(O3AsC6H5)2]·4H2O  (1·4H2O)   
A solution of MoO3 (0.191g, 1.33mmol), cobalt(II) acetate tetrahydrate (0.0400g, 
0.16mmol), 4,4’-bipyridine (0.038g, 0.24mmol), phenylarsonic acid (0.112g, 0.55mmol), 
ammonium fluoride (0.050g, 1.35mmol), and  H2O (10mL, 556mmol) in the mole ratio of 
1:0.12:0.18:0.41:418 was stirred briefly before heating to 135°C for 48 hours.  The initial and 
final pH values were 4 and 4, respectively. Orange-yellow plates suitable for X-ray diffraction 
were isolated in 40% yield.  IR (KBr pellet, cm-1): 3365(s), 3100(m), 1610(m), 1489(w), 
1439(w), 1417(w), 1219(w), 1090(m), 1074(w), 946(s), 890(s), 782(s), 649(s), 523(s).  Anal. 
Calc. for C32H38As2Mo6N4O28: C, 23.2; H, 2.30; N, 3.39.  Found: C, 23.7; H, 2.25; N, 3.42%. 
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7.2.3 Synthesis of [Co(o-phen)3][Mo6O17(H2O)(OH)(O3AsC6H5)2]·4H2O (2·4H2O)   
A solution of MoO3 (0.191g, 1.33mmol), cobalt(II) acetate tetrahydrate (0.0400g, 
0.16mmol), 1,10- phenanthroline (0.044g, 0.24mmol), phenylarsonic acid (0.112g, 0.55mmol), 
ammonium fluoride (0.050g, 1.35mmol), and  H2O (10mL, 556mmol) with the mole ratio of 
1:0.12:0.18:0.41:1:418 was stirred briefly before heating to 135°C for 48 hours.  The initial and 
final pH values were 4 and 4, respectively.  Orange rods suitable for X-ray diffraction were 
isolated in 10% yield.  IR (KBr pellet, cm-1): 3414(m), 3053(m), 1624(w), 1604(w), 1581(w), 
1516(m), 1493(w), 1426(s), 1344(w), 1315(w), 1224(w), 1143(w), 1092(w), 909(s), 868(s), 
839(s), 662(s), 588(s).  Anal. Calc. for C48H45As2CoMo6N6O29: C, 29.5; H, 2.30: N, 4.30.  
Found: C, 29.2; H, 2.35; N, 4.22%. 
 
7.2.4. Synthesis of [{Co(2,2’-bpy)2}2Mo6O18(O3AsC6H4NH2)2] (3)   
A solution of MoO3 (0.191g, 1.33mmol), cobalt(II) acetate tetrahydrate (0.057g, 
0.23mmol), 2,2’-bipyridine (0.037g, 0.24mmol), p-arsanilic acid (0.119g, 0.55mmol), 
ammonium fluoride (0.050g, 1.35mmol), and  H2O (10mL, 556mmol) with the mole ratio of 
1:0.17:0.18:0.41:1:418 was stirred briefly before heating to 135°C for 48 hours.  The initial and 
final pH values were 4 and 4, respectively.  Orange blocks suitable for X-ray diffraction were 
isolated in 75% yield.  IR (KBr pellet, cm-1): 3455(m), 3330(m), 3207(w), 3108(w), 3069(w), 
1590(s), 1504(m), 1440(s), 1315(m), 1295(w), 1247(w), 1175(m), 1157(m), 1094(s), 950(s), 
910(s), 873(s), 830(s), 775(s), 645(s), 588(s).  Anal. Calc. for C52H44As2Co2Mo6N10O24: C, 30.8; 
H, 2.17; N, 6.91.  Found: C, 31.2; H, 2.25; N, 6.75%. 
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7.2.5. Synthesis of [{Ni(2,2’-bpy)2}2Mo6O18(AsO3C6H4NH2)2] (4)   
A solution of MoO3 (0.191g, 1.33mmol), nickel(II) acetate tetrahydrate (0.041g, 
0.16mmol), 2,2’-bipyridine (0.037g, 0.24mmol), p-arsanilic acid (0.119g, 0.55mmol), 
ammonium fluoride (0.050g, 1.35mmol), and  H2O (10mL, 556mmol) with the mole ratio of 
1:0.12:0.18:0.41:1:418 was stirred briefly before heating to 135°C for 48 hours.  The initial and 
final pH values were 4 and 4, respectively.  Purple blocks suitable for X-ray diffraction were 
isolated in 50% yield.  IR (KBr pellet, cm-1): 3439(m), 3333(m), 3230(m), 3062(w), 2366(w), 
1620(w), 1590(s), 1566(m), 1491(m), 1422(s), 1315(m), 1290(m), 1189(m), 1150(w), 1088(m), 
947(s), 915(s), 866(s), 763(s), 588(s).  Anal. Calc. for C52H44As2Mo6N10Ni2O24: C, 30.7; H, 2.16; 
N, 6.88.  Found: C, 30.6; H, 2.10; N, 6.77%. 
 
7.2.6. Synthesis of [{Zn(2,2’-bpy)2}2Mo6O18(AsO3C6H4NH2)2] (5)   
A solution of MoO3 (0.191g, 1.33mmol), zinc(II) acetate dihydrate (0.050g, 0.23mmol), 
2,2’-bipyridine (0.037g, 0.24mmol), p-arsanilic acid (0.119g, 0.55mmol), ammonium fluoride 
(0.050g, 1.35mmol), and  H2O (10mL, 556mmol) with the mole ratio of 1:0.17:0.18:0.41:1:418 
was stirred briefly before heating to 135°C for 48 hours.  The initial and final pH values were 4 
and 4, respectively.  Pink blocks suitable for X-ray diffraction were isolated in 60% yield.  IR 
(KBr pellet, cm-1):  3433(m), 3329(m), 3224(m), 3059(w), 2365(w), 1591(m), 1564(m), 
1504(m), 1490(m), 1473(w), 1440(m), 1316(w), 1289(w), 1175(w), 1156(w), 1093(m), 1020(m), 
951(m), 911(s), 882(s), 770(s), 646(s), 588(s), 523(s).  Anal. Calc. for C52H44As2Mo6N10O24Zn2: 
C, 30.5; H, 2.15; N, 6.83.  Found: C, 29.9; H, 2.01; N, 7.26%. 
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7.2.7. Synthesis of [{Cu(H2O)(2,2’-dipyridylamine)}2Mo6O18(O3AsC6H5)2] (6)  
 A solution of MoO3 (0.191g, 1.33mmol), copper(II) acetate monohydrate (0.046g, 
0.23mmol), 2,2’-dipyridylamine (0.041g, 0.24mmol), phenylarsonic acid (0.111g, 0.55mmol), 
ammonium fluoride (0.068g, 1.84mmol), and  H2O (10mL, 556mmol) with the mole ratio of 
1:0.17:0.18:0.41:1.38:418 was stirred briefly before heating to 135°C for 72 hours.  The initial 
and final pH values were 3 and 3, respectively.  Purple rods suitable for X-ray diffraction were 
isolated in 15% yield.  IR (KBr pellet, cm-1):  3429(s), 3097(w), 2919(w), 2373(m), 2344(m), 
1654(m), 1646(m), 1626(m), 1560(w), 1476(m), 1458(w), 965(w), 888(s), 773(s), 669(s), 652(s), 
592(s).  Anal. Calc. for C32H32As2Cu2Mo6N6O26: C, 21.7; H, 1.81; N, 4.75.  Found: C, 21.5; H, 
1.75; N, 4.62%. 
 
7.2.8. Synthesis of [2,2’-Hdipyridylammonium]2[{Cu(2,2’-dipyridylamine) 
(H2O)}Mo12O34(O3AsC6H5)4]
.
6H2O (7
.
6H2O)   
A solution of MoO3 (0.191g, 1.33mmol), copper(II) acetate monohydrate (0.045g, 
0.23mmol), 2,2’-dipyridylamine (0.040g, 0.23mmol), phenylarsonic acid (0.111g, 0.55mmol), 
H2O (10mL, 556mmol) and HF (150µL, 4.35mmol)  with the mole ratio of 
1:0.17:0.17:0.41:418:3.27 was stirred briefly before heating to 135°C for 72 hours.  The initial 
and final pH values were 1 and 1, respectively.  Green blocks suitable for X-ray diffraction were 
isolated in 50% yield.  IR (KBr pellet, cm-1):  3301(m), 3143(m), 3094(m), 3049(m), 1641(m), 
1604(m), 1558(w), 1527(w), 1481(s), 1452(m), 1436(m), 1234(m), 1162(m), 1087(m), 950(s), 
922(s), 870(s), 767(s), 587(s). Anal. Calc. for  C54H65As4CuMo12N9O54:  C, 20.1; H, 2.02; N, 
3.91.  Found: C, 20.7; H, 2.16; N, 3.85%. 
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7.2.9. Synthesis of [{Cu(2,2’-bpy)(H2O)}2Mo6O18(O3AsC6H4NH2)2]·3H2O (8·3H2O)  
 A solution of MoO3 (0.191g, 1.33mmol), copper(II) acetate monohydrate (0.045g, 
0.23mmol), 2,2’-bipyridine (0.038g, 0.24mmol), p-arsanilic acid (0.12g, 0.55mmol), ammonium 
fluoride (0.050g,1.35mmol) and H2O (10mL, 556mmol) with the mole ratio of 
1:0.17:0.18:0.41:1:418 was stirred briefly before heating to 135°C for 48 hours.  The initial and 
final pH values were 4 and 3, respectively.  Blue blocks suitable for X-ray diffraction were 
isolated in 85% yield.  IR (KBr pellet, cm-1):  3429(w), 3338(w), 3115(w), 2373(w), 1628(w), 
1592(m), 1499(m), 1443(m), 1318(w), 1281(w), 1249(w), 1174(w), 1096(m), 1036(w), 946(w), 
910(s), 883(s), 796(s), 771(s), 642(s).   Anal. Calc. for C32H38As2Cu2Mo6N6O29: C, 21.1; H, 
2.08; N, 4.61.  Found:  C, 21.2; H, 2.00; N, 4.59%. 
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7.2.10 X-Ray Crystallography  
Crystallographic data for compounds all compounds were collected on a Bruker KAPPA 
APEX DUO diffractometer using Mo-Kα radiation (λ = 0.71073Å) containing an APEX II CCD 
system [28]. All data collections were taken at low temperature (90K).  The data were corrected 
for Lorentz and polarization effects [29], and adsorption corrections were made using SADABS 
[30].  Structures were solved by direct methods.  Refinements for each structure were carried out 
using the SHELXTL crystallographic software [31].  Following assigning all non-hydrogen 
atoms, the models were refined against F2 first using isotropic and then using anisotropic thermal 
displacement parameters.  The hydrogen atoms were introduced in calculated positions and then 
refined isotropically.  Neutral atom scattering coefficients along with anomalous dispersion 
corrections were taken from the International Tables, Vol. C.  Images of the crystal structures 
were generated using CrystalMaker® [32]. Crystallographic details for the structures of 1-8 are 
summarized in Table 7.1. Selected bond lengths and angles for structures 1-8 are displayed in 
Table 7.2.  
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7.2.11 Thermal Gravimetric Analysis 
TGA data were collected on a TA instruments Q500 v6.7 Thermogravimetric Analyzer. 
Data was collected on samples that ranged between 5 and 10 mg, ramping the temperature at 
10°C/minute between 25°C to 800°C. 
 
7.3 Results and Discussion 
 
 7.3.1 Synthesis and Infrared Spectroscopy 
 Hydrothermal synthesis has been used as a common method for the synthesis of metal 
oxides and organic-inorganic composite materials [33-37]. The product composition of the 
material produced depends on factors such as pH of the medium, temperature, pressure, the 
presence of structure-directing cations and the use of an acid mineralizer such as HF. However, 
the synthetic conditions can be adjusted in order to favor the formation of polyoxomolybdate 
clusters as secondary building units. A previous study [25] of the Cu(II)-imine/MoxOy/RAsO3
2- 
family of materials described one- and two-dimensional materials where the common building 
block was the {Mo6O18(O3AsR)2}
4- cluster [38-39]. This study has addressed the influence of 
other secondary metal and ligand components as well as temperature on the final product.  
 When the reactions of a copper(II) salt, an imine ligand, a molybdate source and R-
AsO3H2 in the presence or absence of an acid mineralizer are reacted at 150
oC for 72 hours, the 
most common products observed are one- and two-dimensional compounds with the general 
formulation [{Cu2(ligand)x(H2O)y}Mo6O18(O3AsR)2] (ligand = bpy, o-phen, terpy, x = 2; ligand 
= tetrapyridylpyrazine; x = 1).    
 With a reduced reaction time of 48 hours, the molecular compounds  [{Cu(2,2’-
bpy)2}2Mo12O34(O3AsC6H4)4] and [Cu(o-phen)(H2O)3][{Cu(o-phen)2}Mo12O34(O3AsC6H4)4] 
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formed. In the work presented here, the reaction temperature has been reduced from 150°C to 
135°C and the length of the reaction has been restricted to 48 hours which resulted in a number 
of molecular clusters. Even though a secondary metal was added to the reaction mixture, for 
compounds 1·4H2O and 2·4H2O the {Mo6O18(O3AsR)2}
4- clusters are unadorned by a secondary 
metal complex. However, compounds 3-5 provided molecular structures of the general 
formulation [{M(2,2’-bpy)2}2Mo6O18(O3AsC6H4NH2)2] (M = Co, Ni, Zn). Conversely, with the 
secondary metal copper introduced, the reaction afforded the two-dimensional material 
[{Cu(2,2’-bpy)(H2O)}2Mo6O18(O3AsC6H4NH2)2]·3H2O (8·3H2O). Minor changes in the reaction 
conditions along with the use of 2,2’-dipyridylamine as the ancillary ligand provided two other 
copper-molybdoarsonates, [{Cu(2,2’-dpa)(H2O)}2Mo6O18(O3AsC6H6)2] (6) and [2,2’-
Hdpa]2[{Cu(2,2’-dpa)(H2O)}Mo12O34(O3AsC6H5)4] ·6H2O (7·6H2O), which is the sole example 
from this study of the dodecamolybdate core. 
 The infrared spectra of the compounds in this study exhibit two strong bands in the 800-
925 cm-1 range attributed to νsym (Mo = O) and νasym (Mo = O) and a medium to strong intensity 
band in the 590-690 cm-1 region associated with ν(Mo-O-Mo).  A series of bands in the 1200-
1600 cm-1 range is associated with the imine ligands. 
 
7.3.2 X-Ray Structures 
 The previously reported compounds for the MoxOy/organoarsonate/M(II)-imine class of 
materials were one- and two-dimensional, however, the structures of this study are dominated by 
molecular clusters. Compound 1, (4,4’-H2bpy)[Mo6O18(O3AsC6H5)2]·4H2O, has no metal(II) 
incorporation, therefore, the structure produced includes isolated 4,4’- bipyridinium cations, 
water molecules of crystallization and the hexamolybdate cluster, {Mo6O18(O3AsC6H5)2}
4-. 
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Figure 7.1 displays an image of compound 1·4H2O. The molybdoarsonate cluster contains a ring 
of cis-edge sharing {MoO6} octahedra, which is capped on both faces by {O3AsC6H5} 
tetrahedra. This structure is in essence the same as the structures previously reported for other 
salts of the type {Mo6O18(O3AsR)2}
n- (R = O, n = 6; R = -OH, -C6H5, -C6H4NH2, n = 4). The 
arsonate subunits coordinate at all three termini to the molybdate ring. Each of the arsonate 
oxygen atoms adopts the µ3 bridging mode and links two molybdenum sites and the arsenic 
atom. The phenyl substituent of the arsonate ligand projects outward from the {Mo6} plane of 
the cluster with the C6 plane almost perpendicular to the molybdate plane. 
 
 
Figure 7.1. Polyhedral and ball and stick view of the {Mo6O18(O3AsC6H5)2}
4- anion in 1·4H2O. 
Hydrogen atoms are removed for clarity (Color scheme is the same for all unless otherwise 
noted: molybdenum (green polyhedra), arsenic (yellow polyhedra), oxygen, (red spheres), carbon 
(black spheres)). 
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 Compound 2·4H2O, [Co(o-phen)3][Mo6O17(OH)(H2O)(O3AsC6H5)2] ·4H2O, consists of 
isolated {Co(o-phen)3}
3+ cations and {Mo6O17(OH)(H2O)(O3AsC6H5)2}
3- anionic clusters. In this 
instance, the molybdoarsonate cluster is a variant of the common species of  
{Mo6O18(O3AsR)2}
4-, displayed in Figure 7.2. Instead of a symmetrical ring of {MoO6} edge-
sharing octahedra, the molybdate ring in 2·4H2O is unsymmetrical, containing five {MoO6} 
octahedra and one {MoO5} distorted trigonal bipyramid. The cluster therefore consists of four 
edge-sharing {MoO6} octahedra that are linked by two corner-sharing connections to a binuclear 
unit of an edge-sharing unit of a {MoO6} octahedron as well as a {MoO5} trigonal bipyramid. 
This binuclear unit also contains an aqua terminal group that coordinates to the octahedral site of 
the unit. Two molybdenum centers of the tetranuclear unit are bridged by the hydroxyl group. 
The sites of the aqua and hydroxyl sites were discerned by not only the bond length, but also by 
the presence of peaks consistent with hydrogen atoms in the difference Fourier maps. The bond 
length for the Mo-O(H2) aqua unit is 2.403(3)Å, whereas the average terminal oxo-group 
distance is 1.706(3)Å. The bond distance for the Mo-O(H) hydroxyl group is 2.050(3)Å, whereas 
the average bridging oxo-group bond length is 1.907(3)Å. With the exception of the bridging 
hydroxyl group Mo-O bond distances, the {Mo6O17(OH)(H2O)(O3AsC6H5)2}
3- cluster has an 
overall geometry which is analogous to the previous reported {Mo6O18(H2O)(O3AsC6H5)2}
4- 
species.             
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Figure 7.2. Mixed polyhedral and ball and stick representation of the 
{Mo6O17(OH)(H2O)(O3AsC6H5)2}
3- cluster of 2·4H2O. Carbon hydrogen atoms are not shown 
for clarity (Color scheme: same as above with hydrogen atoms (pink)). 
 
 
 
 In contrast to the structure of 1·4H2O where the arsonate groups are equivalent, the 
arsonate groups in 2·4H2O have two different coordination environments. One of the arsonate 
ligands coordinates to the tetranuclear unit of molybdate octahedra, sharing one terminus with 
each of two molybdate groups and coordinating at its third terminus to bridge the central pair of 
molybdenum atoms of the tetranuclear unit. The second arsonate ligand bridges oxygen atoms 
between three pairs of molybdenum centers of the hexamolybdate ring.  
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 Compounds 3-5, which have the general formulation of [{M(2,2’-
bpy)2}{Mo6O18(O3AsC6H5)2}] (M = Co (3), Ni (4), Zn (5)) are isomorphous. These structures 
contain a central ring identified as {Mo6O18(O3AsC6H5)2}
4-, displayed in Figure 7.3. The 
geometry of the ring is analogous to that of the ring in compound 1·4H2O. {M(2,2’-bpy)2}
2+ 
groups decorate the hexanuclear ring at opposite sides, each coordinated through Mo-Oterminal 
groups of adjacent molybdate centers. The molybdenum-oxo bond distances that involve the 
oxygen atoms that bridge to the M(II) sites with respect to the molybdenum terminal oxo-groups 
exhibit a considerable lengthening of the molybdenum-oxo distances. The relevant bond 
distances for structures 3-5 are Mo = O(Co), 1.743(2)Å (ave) and Mo = Ot, 1.698(2)Å; Mo = 
O(Ni), 1.742(2)Å and Mo = Ot, 1.707(2)Å, and Mo = O(Zn), 1.704(2)Å and Mo = Ot, 1.742(2)Å, 
respectively. The decoration of the polyoxometalate cluster is very common in the structural 
chemistry of polyoxometalates with secondary metal coordination.      
  
 
 
Figure 7.3. Mixed polyhedral and ball
bpy)2}Mo6O18(O3AsC6H5)2] (4). Hydrogen atoms are not shown for 
as above with nickel atoms (light green polyhedra) and nitrogen atoms (light blue spheres)).
 
 The structure of [{Cu(2,2’
was isolated by exchanging 2,2’-
ligand. Similar to structures 3-5, the structure contains a {Mo
decorated by two {Cu(2,2’-dpa)H
dpa)H2O)}
2+ groups are then linked
molybdenum centers of the ring. The geometry of the Cu
bipyramidal instead of distorted octahedral {MN
Cu(II) site is coordinated to a bridging oxo
ligand, a second oxo-group and an aqua ligand. Compared to the 1.703(2)Å bond length for the 
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-and-stick view of the structure of [{Ni(2,2’
clarity (Color scheme: same 
-dpa)(H2O)}Mo6O18(O3AsC6H5)2] (6), displayed in 
bipyridine with 2,2’-dipyridylamine as the organo
6O18(O3AsC6H5)2}
4
2O)}
2+ groups on opposite sides of the cluster. The {Cu(
 to the cluster through oxo-groups of two adjacent 
(II) site in 6 is distorted trigonal 
4O2} geometry as seen in structures 
-group, two nitrogen sites of the 2,2’-
 
-
 
Figure 7.4, 
-nitrogen 
- ring which is 
2,2’-
3-5. The 
dipyridylamine 
 
average Mo-O terminal bond distances, the Mo
display an average bond distance of 1.737(2)Å. The aqua ligand was confirmed due to difference 
peaks in the Fourier map consistent with hydrogen atoms bound to the oxygen and also the 
elongated Cu-O bond distance of 2.076(2)Å. 
 
Figure 7.4. A view of the structure of [{Cu(
hydrogen atoms are not shown for clarity (Color scheme: same as above with copper atoms (blue 
polyhedra)). 
 
 [2,2’-Hdpa]2[{Cu(2,2’-dpa
Figure 7.5. The structure consists of a {Mo
single {Cu(2,2’-dpa)(H2O)}
2+ unit, in contrast to the two M(II) groups which decorate 
compounds 3-6. To charge compensate, there are two protonated 2,2’
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-O oxo-groups which are bridging to Cu(II) sites 
       
2,2’-dpa)(H2O)}2Mo6O18(O3AsC6H5
)(H2O)}Mo12O34(O3AsC6H5)4}]·6H2O (7·6H2O
12O34(O3AsC6H5)4}
4- cluster which is decorated by a 
-dipyridylammonium 
 
)2] (6).  Carbon 
) is shown in 
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ligands which are uncoordinated to the cluster. The molybdoarsonate cluster in 7·6H2O is in 
essence the same as the molybdoarsonate clusters previously reported for [{Cu(2,2’-
bpy)2}2Mo12O34(O3AsC6H5)4] [{Cu(o-phen)2}Mo12O34(O3AsC6H5)4] [16], 
[Mo12O34(O3AsC6H4NH3)4] [43], and [Mo12O34(O3AsOH)4]
4- [44]. The cluster is built from four 
{Mo3O12} subunits of cis-edge sharing octahedra of {MoO6}. Each trinuclear subunit displays 
one corner-sharing interaction to each of three neighboring trinuclear moieties which yields a 
tetrahedral array of trinuclear building blocks. The junctions of three neighboring trinuclear 
moieties produces {Mo6O6} rings that result in large triangular cavities which are capped by the 
{AsC6H5} ligand. As stated previously, a single Cu(II) site decorates the outside of the cluster. 
The distorted square pyramidal {CuN2O3} unit is coordinated to the cluster through a single 
bridging oxo-group. The Cu(II) center coordinates to two aqua ligands, two nitrogen donors from 
the 2,2’-dipyridylamine chelating ligand, and the bridging oxo group. The bond distances for the 
Cu-O and Mo-O bridging oxo-groups are 2.314(2)Å and 1.712(2)Å, respectively. The Cu-O 
bond distances to the aqua ligands are 1.987(2)Å and 1.990(2)Å.   
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Figure 7.5. Mixed polyhedral and ball-and-stick representation of the structure of the [{Cu(2,2’-
dpa)(H2O)2}Mo12O34(O3AsC6H5)4]
2- cluster of 7·6H2O. Hydrogen atoms are removed for clarity. 
 
 
 Compound 8·3H2O provides the only example of an extended structure in this series of 
compounds. Compound 8·3H2O, displayed in Figure 7.6, is two-dimensional and is formulated 
as [{Cu(2,2’-bpy)(H2O)}2{Mo6O18(O3AsC6H4NH2)2]·3H2O. The structure is constructed 
similarly to the previous reported [{Cu(terpy)}2{Mo6O18(O3AsC6H5)2}] [16]. Compound 8·3H2O 
is built from {Mo6O18(O3AsC6H4NH2)2}
4- clusters and {Cu(2,2’-bpy)(H2O)}
2+ building blocks. 
Each {Mo6O18(O3AsC6H5)2}
4- cluster coordinates to four {Cu(2,2’-bpy)(H2O)}
2+ subunits 
through a single bridging oxo-group, providing the two-dimensional network material. The 
connection pattern yields a large metal-oxide substructure defined as {Cu4Mo10O14}, a 14-
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polyderal connect. This large ring is what allows the accommodation of the 2,2’-bipyridine 
ligands along with the -C6H4NH2 substituent of the organoarsonate ligand in the interlamellar 
domain.  
The Cu(II) site exhibits a square pyramidal geometry, coordinating to two 2,2’-bipyridine 
nitrogen atoms, an aqua ligand, and two different bridging oxo groups, connecting the units to 
the molybdoarsonate clusters. The average bond length for Mo-O bridges to the Cu(II) site is 
1.737(2)Å, compared to an average bond length of 1.707(2)Å for the M-O terminal bond 
distances. The Cu-O aqua bond length is 1.950(2)Å.             
 If the structure of 8·3H2O is viewed in the ab plane, the metal oxide network produces a 
sinusoidal profile with a repeat distance of ca. 12.0Å. The organoarsonate substituents occupy 
the valleys of the sinusoidal pattern. In the interlamellar domain are the water molecules of 
crystallization which hydrogen bond to the amino nitrogen atoms of the organoarsonate ligand 
and also to the aqua ligand off of the Cu(II) site.   
 
 
 
 
Figure 7.6. Mixed polyhedral and ball
of [{Cu(2,2’-bpy)(H2O)}2{Mo6O
clarity. 
  
7.3.3 Thermal Gravimetric Analysis
The TGA profile for compound 
weight loss of about 25% at 410o
water molecules of crystallization (22%, calculated).  From about 410
temperature of the instrument, 800
with decomposition of the arsonate ligands, 
displays a similar profile in the TGA plot.
 The TGA of compound 2
about 5% between room temperature and 405
molecules of crystallization (4%, calculated). From 405
which is attributed to the decomposition of the arsonate ligands an
341 
-and-stick representation of the two-dimensional structure 
18(O3AsC6H4NH2)2]·3H2O. Hydrogen atoms are not shown for 
 
1
.4H2O, displayed in Figure 7.7, exhibits an initial 
C, attributed to the loss of the 4,4’-bipyridine units and the 
oC to the limiting 
oC, the compound exhibits a gradual weight loss, consistent 
leaving an amorphous residue. Compound 
 
·4H2O, displayed in Figure 7.8, shows a gradual weight loss
oC which is attributed to the loss of the water 
oC to 725oC, a weight loss of 46% occurs 
d the imine co
 
7
.6H2O 
 of 
-ligands (47%, 
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calculated). From 725oC to the limiting temperature of the instrument, the material exhibits a 
continuous loss of mass, most likely resulting in a mixture of MoO3 and molybdoarsonates.  
 The initial weight loss in the TGA plot of compound 3, displayed in Figure 7.9, occurs at 
about 390oC at which point several weight losses totaling 49% by mass are observed to a 
temperature of 690oC. These weight losses are attributed to the decomposition of the arsonate 
ligands, as well as the imine co-ligands (48%, calculated). From 690oC to 800oC, there is a very 
gradual weight loss resulting in a gray amorphous material.  The TGA plots of compounds 4 and 
5 exhibit similar profiles. 
 The TGA plot for compound 6, displayed in Figure 7.10, exhibits an initial gradual 
weight loss between room temperature and 350oC which is attributed to the loss of the 
coordinated water molecule (1.1%, calculated). This process is followed by a weight loss in the 
350oC to 700oC range of 55% consistent with the decomposition of the imine and arsonate 
ligands (57%, calculated).  
 Compound 8·3H2O exhibits a TGA profile (Figure 7.11) with an initial gradual weight 
loss of about 4% at 225oC which is assigned to the loss of the water molecules of crystallization 
(3%, calculated). From 225oC to 350oC, the material undergoes first a sharp and then a gradual 
weight loss totaling 11%, which is attributed to the decomposition of the 2,2’-bipyridine ligand 
along with the coordinated water molecule (10%, calculated). From 350oC to 725oC, there is a 
weight loss of about 33%, attributed to the decomposition of the arsonate ligands (28%, 
calculated).  
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Figure 7.7. Thermogravimetric analysis profile for compound 1·4H2O in the 25-800
oC range. 
 
Figure 7.8. Thermogravimetric analysis profile for compound 2·4H2O in the 25-800
oC range. 
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Figure 7.9. Thermogravimetric analysis profile for compound 3 in the 25-800oC range. 
 
Figure 7.10. Thermogravimetric analysis profile for compound 6 in the 25-800oC range. 
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Figure 7.11. Thermogravimetric analysis profile for compound 8·3H2O in the 25-800
oC range. 
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7.4 Structural Trends and Observations 
Throughout the series of materials synthesized in the M(II)- imine/MoxOy/RAsO3
2- family 
there is a persistence of cluster building blocks; the hexamolybdoarsonate core and to a lesser 
extent the decamolybdoarsonate unit. Just as in this series of compounds, the 
hexamolybdoarsonate building unit has been observed as three distinct cluster subtypes. These 
cluster subtypes include the frequently observed {Mo6O18(O3AsR)2}
4- cluster along with the less 
common clusters of {Mo6O18(H2O)(O3AsR)2}
4- and {Mo6O17(H2O)(OH)(O3AsO6H6)2}
3- [40-41]. 
Although the hydrated form of the {As2Mo6} cluster has been previously reported [42], the aqua-
hydroxo variant in compound 2 appears to be unique.  
 Even though both the tetranuclear and octanuclear clusters {Mo4O10(O3AsOH)4}
4- and 
{Mo8O28(OH)2(O3AsO)}
5-  have been previously reported [43-45], the only other cluster 
encountered in our studies besides the hexamolybdoarsonate and dodecamolybdoarsonates listed 
above is the unusual tetranuclear cluster, {Mo4O12(OH)(O3AsO)}
4- in 
[{Cu(terpy)}2Mo4O12(OH)(AsO4)]. 
 It is quite interesting that despite various attempts to isolate materials incorporating 
secondary metals besides Cu(II) none have been successful except for the [{M(2,2’-
bpy)2}Mo6O18(O3AsC6H5)2] (M = Co, Ni, Zn) series. Aside from this series of compounds, all of 
the other materials which incorporate secondary metal-ligand subunits decorating a 
molybdoarsonate cluster exclusively incorporate Cu(II). The comparative ease of synthesizing 
copper-containing compounds suggests that the oxophilicity of Cu(II) and also the flexibility of 
the Jahn-Teller distorted Cu(II) permits Cu(II) to adapt to different geometries, bond lengths and 
coordination polyhedra (Table 7.3), which may be the relevant factors. Strangely, Cu(II) does 
not provide a material of the composition [{M(2,2’-bpy)2}Mo6O18 (O3AsC6H4NH2)2], but 
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instead, under similar reaction conditions, provides the two-dimensional material [{Cu(2,2’-
bpy)(H2O)}2Mo6O18(O3AsC6H4NH2)2]·3H2O.   
    Interestingly, throughout the series of compounds the number of Mo-O-Cu bridging 
interactions varies from one in [{Cu(L)2}Mo12O34(O3AsR)4]
2- (L = bpy, phen) to six for 
[Cu2(tpyprz)Mo6O18(O3AsC6H5)2]. However, despite the range of Mo-O-Cu bridging interactions 
there is no correlation between the number of bridging interactions and the dimensionality of the 
structure. Hence, four Mo-O-Cu bridges are seen for not only molecular but also one-and two-
dimensional structures in the series. Most unexpectedly, 
[{Cu2(tpyprz)(H2O)}Mo6O18(H2O){O3AsCH2(OH)CH2AsO3}], which is a two dimensional 
material, exhibits only a single Mo-O-Cu bridging interaction. The two-dimensional connectivity 
in the aforementioned structure is achieved by an additional As-O-Cu bridge. 
 In addition to the number of Mo-O-Cu bridging interactions, another unpredictable 
feature of the structural chemistry in this series is the occurrence of aqua coordination. Aqua 
coordination occurs commonly at Cu(II) sites; however, it also may exist within the 
molybdoarsonate cluster.  
  
348 
 
349 
 
  
350 
 
  
351 
 
7.5 Conclusions 
A series of molybdoarsonate compounds have been prepared through hydrothermal 
synthesis. The objective of incorporating metal-organoimine subunits into these structures was 
achieved for compounds 3-8; however this was not successful for compounds 1·4H2O and 
2·4H2O.  
Compound 1·4H2O consists of an isolated {Mo6O18(O3AsR)2]
4- cluster, whereas 
compound 2·4H2O contains an isolated {Mo6O17(OH)(H2O)(O3AsC6H5)2}
3- cluster, which is the 
aqua-hydroxo variant of the cluster in 1·4H2O. All of the compounds produced in this study are 
molecular in dimensionality with the exception of the two-dimensional layered material 
[{Cu(2,2’-bpy)(H2O)}2Mo6O18(O3As6H4NH2)2] ·3H2O. A common feature displayed in 
compounds 3-5 is the {Mo6O18(O3AsC6H4NH2)2}
4- core adorned with two {M(2,2’-bpy)2}
2+ 
units (M = Co, Ni, Zn). The {Mo12O34(O3AsR)4}
4- core is displayed in compounds 6 and 
7·6H2O. In these structures, the core is decorated by two {Cu(2,2’-bpy)2}
2+ units (6) or a single 
{Cu(o-phen)2}
2+ group (7·6H2O).  
Compared to the previous one- and two-dimensional materials reported, the molecular 
species of this study were synthesized under modified conditions. The structures of the M(II)-
imine/MoxOy/RAsO3
2- family presented here reflect the interaction of a variety of factors. These 
factors include the coordination preferences of the secondary metal, the identity of the imine 
ligand, the nature of the arsonate ligand, and the incorporation of aqua ligands. Furthermore, the 
structures are a product of the reaction conditions used such pH and temperature.  
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7.7 Supplementary data 
 Additional material available from the Cambridge Crystallographic Data Centre, CCDC 
No. 936668-936675. The material comprises the final atomic coordinates for all atoms, thermal 
parameters, and a complete listing of bond distances and angles.  Copies of this information may 
be obtained free of charge on application to The Director, 12 Union Road, Cambridge, CB2 2EZ, 
UK, fax: +44 1223 336 033, e-mail: data_request@ccdc.cam.ac.uk or 
http://www.ccdc.cam.ac.uk.   
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Chapter 8 
 
Hydrothermal Syntheses and Structures of Bimetallic 
Organoarsonate Compounds of the Cu(II)- imine/VxOy/RAsO3
n-
 
Family 
 
The material contained within this chapter is published in Inorganica Chimica Acta (Smith, T. 
M., Lau, A., Zubieta, J., Inorg. Chim. Acta 2014, 409, 296). Images and content within this 
chapter has been reproduced with permission from Elsevier. 
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8.1 Introduction 
 Metal-organic frameworks have long been studied for their interesting properties that 
relate to their use in gas storage, gas separation, molecular electronics and catalysis [1-5]. 
However, prior to the 1980s the major class of three-dimensional open framework materials were 
the zeolitic aluminosilicates which consist of metal oxides of aluminum and silicon, with 
structures constructed from corner sharing tetrahedra of [SiO4] and [AlO4]. The significantly 
increased interest in the study of metal frameworks is related to the awareness that other main 
block and even transition metal elements could participate as the main components of inorganic 
frameworks. The use of these metals in framework materials led to the incorporation of other 
geometries accessible to the metal such as octahedral [XO6], pentacoordinated [XO5] and 
pyramidal [XO4] [6]. 
Both the inorganic component and the organic component lend different properties to the 
material produced. The inorganic component can provide properties such as magnetism, thermal 
stability and optical properties, whereas the organic component is structure directing and can 
introduce properties such as luminescence [7-9]. The organic component can also act as a charge 
compensating, space-filling and structure-directing cation, a ligand bound to a secondary 
transition metal center in a complex cation or a ligand bound directly to the inorganic matrix as a 
terminal or bridging group [1-5]. 
One method used to produce metal-organic frameworks is through hydrothermal 
synthesis. Hydrothermal synthesis exploits the conditions of high temperature and pressure, 
which is useful in synthesizing metal oxides which are not normally soluble in water at normal 
atmospheric temperature and pressure; however, they may dissolve in super-heated water [10-
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13]. Variables in the synthesis include temperature, pH, reactant stoichiometry, and the duration 
of the reaction. 
 One class of materials which has been studied extensively is the metal-
organodiphosphonate family[14-21].  However, arsenic, which binds in a fashion analogous to 
phosphorous due to its position in the periodic table, has received much less attention. While 
some studies have been performed on molybdo-arsonate materials, vanadium arsonate materials 
remain unexplored [22-24]. In this work, we have done preliminary studies into the 
vanadium/Cu(II)/organo-imine/phenylarsonic acid family of materials. Two structures were 
obtained: the first, a one-dimensional chain, [Cu(o-phen)VO2(O3AsC6H5)(HO3AsC6H5)] (1),  and 
the second, a unique structure in which two-dimensionalities, a chain and molecular cluster, 
[Cu(2,2’-bpy)VO2(O3AsC6H5)(HO3AsC6H5)][Cu(2,2’-bpy)V2O4(O3AsC6H5)2] (2), are 
represented.  
 
8.2 Experimental 
 
8.2.1 General Synthetic Conditions and Procedures   
All chemicals were used as obtained without further purification. Copper(II) sulfate 
pentahydrate (99%), 2,2′-bipyridine (99%), and 10-phenanthroline (99%) were purchased from 
Sigma-Aldrich. Sodium orthovanadate (99%) and phenylarsonic acid (97%) were purchased 
from VWR. All syntheses were carried out in 23-mL poly(tetrafluoroethylene)-lined stainless 
steel containers under autogeneous pressure.  The pH of the solutions were measured prior to and 
after heating using pHydrion vivid 1-11® pH paper.  Water was distilled above 3.0MΩ in-house 
using a Barnstead Model 525 Biopure Distilled Water Center.  
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8.2.2. Synthesis of [Cu(o-phen)VO2(O3AsC6H5)(HO3AsC6H5)] (1)  
A solution of sodium orthovanadate (0.060g, 0.33mmol), copper(II) sulfate pentahydrate 
(0.129g, 0.52mmol), 1,10-phenanthroline (0.091g, 0.5mmol), phenylarsonic acid (0.80g, 
3.96mmol) and H2O (10mL, 556mmol) with the mole ratio of 1:1.57:1.51:12:1685 was stirred 
briefly before heating to 120°C for 72 hours.  The initial and final pH values were 4 and 3, 
respectively.  Green rods suitable for X-ray diffraction were isolated in 60% yield.  IR (KBr 
pellet, cm-1): 3061(w), 1584(w), 1519(w), 1436(m), 1341(w), 1143(m), 1088(m), 961(s), 947(s), 
905(s), 873(s), 847(s), 744(s), 721(s), 692(s), 559(m), 468(m). 
 
8.2.3. Synthesis of [Cu(2,2’-bpy)VO2(O3AsC6H5)(HO3AsC6H5)] 
[Cu(2,2’-bpy)V2O4(O3AsC6H5)2] (2) 
A solution of sodium orthovanadate (0.060g, 0.33mmol), copper(II) sulfate pentahydrate 
(0.129g, 0.52mmol), 2,2’-bipyridine (0.079g, 0.51mmol), phenylarsonic acid (0.80g, 3.96mmol) 
and H2O (10mL, 556mmol) with the mole ratio of 1:1.57:1.55:12:1685 was stirred briefly before 
heating to 120°C for 48 hours.  The initial and final pH values were 3 and 3, respectively.  Green 
rods suitable for X-ray diffraction were isolated in 50% yield.  IR (KBr pellet, cm-1): 3433(m), 
3106(w), 3033(w), 2369(w), 2344(w), 1600(m), 1440(s), 1096(s), 955(s), 883(s), 801(s), 771(s), 
746(s), 728(s), 692(m), 617(m), 519(m), 467(m). 
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8.2.4  X-ray Crystallography   
Crystallographic data for all compounds were collected at low temperature (90K) on a 
Bruker KAPPA APEX DUO diffractometer equipped with an APEX II CCD system using Mo-
Kα radiation (λ = 0.71073Å) [25].  The data were corrected for Lorentz and polarization effects 
[26], and adsorption corrections were made using SADABS [27].  The structures were solved by 
direct methods, and refinements were made using the SHELXTL [28] crystallographic software.  
After first locating all of the nonhydrogen atoms from the initial solution of each structure, the 
models were refined against F2 using first isotropic and then anisotropic thermal displacement 
parameters until the final value of ∆/σmax was less than 0.001.  Hydrogen atoms were introduced 
in calculated positions and refined isotropically.  Neutral atom scattering coefficients and 
anomalous dispersion corrections were taken from the International Tables, Vol. C.  
Crystallographic details for the structures of 1-2 are summarized in Table 8.1. Selected bond 
lengths and angles for structures 1-2 are provided in Table 8.2. Images of the crystal structures 
were generated using CrystalMaker® [29].    
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Table 8.1.  Summary of crystallographic data for compounds 1 and 2 of this study. 
  (1).  (2). 
Empirical Formula C24H19As2CuN2O8V C44H37As4Cu2N4O18V3 
Formula Weight 727.73 1489.35 
Crystal System Monoclinic Triclinic 
Space Group P21/c P-1 
a (Å) 12.5678(10) 12.031(2) 
b (Å) 14.6474(12) 12.169(2) 
c (Å) 13.8216(11) 18.278(3) 
α (°) 90 90.743(3) 
β(°) 102.5000(10) 97.993(3) 
γ(°) 90 112.527(3) 
V(Å3) 102.5000(10) 2441.3(8) 
Z 4 2 
Dcalc(g cm
-3) 1.946 2.026 
µ (mm-1) 3.930 4.181 
T (K) 90(2) 90(2) 
Wavelength 0.71073 0.71073 
R1
a 0.0173 0.0239 
wR2
b 0.0457 0.0563 
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Table 8.2. Selected bond lengths (Å) and angles (°) for the compounds of this study. 
 
[Cu(o-phen)VO2 
(O3AsC6H5)(HO3AsC6H5)] (1). 
   
 V1 O4  
V1 O5  
V1 O6  
V1 O3  
Cu1 O1  
Cu1 O8  
Cu1 N1  
Cu1 N2  
Cu1 O5  
As1 O1 
As1 O2(H)  
As1 O3  
As2 O8  
As2 O7  
As2 O6 
1.6151(15) 
1.6270(14) 
1.8251(14) 
1.8520(13) 
1.9272(13) 
1.9544(13) 
2.0118(16) 
2.0188(16) 
2.3861(14) 
1.6606(13) 
1.6857(13) 
1.7125(12) 
1.6700(12) 
1.6723(13) 
1.7229(13) 
O4 V1 O5  
O4 V1 O6  
O5 V1 O6  
O4 V1 O3  
O5 V1 O3  
O6 V1 O3  
O1 Cu1 O8  
O1 Cu1 N1  
O8 Cu1 N1  
O1 Cu1 N2  
O8 Cu1 N2  
N1 Cu1 N2  
O1 Cu1 O5  
O8 Cu1 O5  
N1 Cu1 O5  
N2 Cu1 O5 
109.97(8) 
108.48(8) 
109.18(6) 
108.18(7) 
112.13(7) 
108.84(6) 
96.14(6) 
172.37(6) 
91.49(6) 
90.81(6) 
169.37(6) 
81.64(6) 
91.30(5) 
100.58(5) 
87.23(6) 
87.24(5) 
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[Cu(2,2’-
bpy)VO2(O3AsC6H5) 
(HO3AsC6H5)] 
[Cu(2,2’bpy) 
V2O4(O3AsC6H5)2] (2). 
   
V1 O6  
V1 O5  
V1 O4  
V1 O3  
V1 O7  
V1 O5  
V2 O13  
V2 O12  
V2 O11  
V2 O14  
V2 O9  
V3 O18  
V3 O17  
V3 O16  
V3 O15  
V3 O12  
Cu1 O2  
Cu1 O5  
Cu1 N2  
Cu1 N1  
Cu1 O1  
Cu2 O10  
Cu2 N3  
Cu2 N4  
Cu2 O17  
Cu2 O9  
As1 O2  
As1 O3  
As1 O4  
As2 O1  
As2 O7  
As2 O8(H)  
As3 O10  
As3 O11  
As3 O9  
As4 O16  
As4 O14  
As4 O15  
1.6083(16) 
1.7493(17) 
1.9521(18) 
1.9977(17) 
2.0161(18) 
2.3199(16) 
1.6022(18) 
1.6933(17) 
1.9641(18) 
1.9764(18) 
2.0578(17) 
1.6243(18) 
1.6561(18) 
1.9443(17) 
1.9997(19) 
2.0319(18) 
1.9354(17) 
1.9864(17) 
1.990(2) 
2.029(2) 
2.2027(17) 
1.8943(17) 
1.973(2) 
2.020(2) 
2.1008(18) 
2.2255(18)  
1.6843(16) 
1.7003(17) 
1.7146(16) 
1.6704(16) 
1.6713(18) 
1.7310(17) 
1.6733(16) 
1.6795(17) 
1.7107(17) 
1.6932(17) 
1.6953(18) 
1.6988(18) 
 
O6 V1 O5  
O6 V1 O4  
O6 V1 O3  
O4 V1 O3  
O5 V1 O7  
O6 V1 O5  
O13 V2 O12  
O11 V2 O14  
O13 V2 O9  
O12 V2 O9  
O18 V3 O17  
O17 V3 O16  
O18 V3 O15  
O17 V3 O15  
O16 V3 O12  
O2 Cu1 N2  
O5 Cu1 N1  
O5 Cu1 O1  
O10 Cu2 N3  
N4 Cu2 O17  
N4 Cu2 O9  
 
101.83(8) 
100.35(8) 
100.74(8) 
156.93(7) 
161.34(7) 
179.38(9)   
105.57(9)   
161.98(7) 
116.46(8) 
137.89(8) 
111.44(10) 
100.47(8) 
130.46(9) 
117.36(8) 
161.40(8) 
174.35(8) 
156.41(8) 
112.87(7) 
170.55(8) 
125.95(8) 
153.39(8) 
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8.2.5.  Thermogravimetric Analyses  
TGA data were collected on a TA instruments Q500 v6.7 Thermogravimetric Analyzer. 
Data was collected on samples that ranged between 5-10mg, ramping the temperature at 
10oC/minute between ~25oC to 800oC. 
 
8.3. Results and Discussion 
 
 8.3.1 Syntheses and Infrared Spectroscopy  
The compounds of this study were prepared through hydrothermal synthesis, which is a 
routine method for the synthesis of metal oxide materials [17-24]. The outcome of the reaction is 
not only affected by the temperature at which the reaction is run, but also the pH, reactant 
stoichiometry and duration of the reaction influence the final product compositions and 
structures.  
 When copper(II) sulfate, vanadium orthovanadate, an imine ligand, phenylarsonic acid, 
an acid mineralizer and water were reacted at 120°C for two (compound 2) or three (compound 
1) days, the one-dimensional chain of [Cu(o-phen)VO2(O3AsC6H5)(HO3AsC6H5)] (1) and the 
unique mixed dimensionality material [Cu(2,2’-bpy)VO2(O3AsC6H5)(HO3AsC6H5)][Cu(2,2’-
bpy)V2O4(O3AsC6H5)2] (2) were produced. 
 The infrared spectra of both compound 1 and 2 display characteristic bands between 955-
983cm-1 attributed to ν(V=O) of the terminal vanadium oxo-groups. A series of bands in the 
1200-1600cm-1 range are associated with the imine ligands.   
  
 
 
 8.3.2 X-Ray Structural Studies
 The structure of 1 consists of a one
(O3AsC6H5)(HO3AsC6H5)]n. The structure exhibits a trinuclear unit, which includes a square 
pyramidal copper that is corner sharing to both a square pyramidal vanadium and tetrahedral 
arsenic group. These trinuclear units are then tethered to one another into a chain by a second,
bridging phenylarsonic acid ligand, as 
 
Figure 8.1. Mixed polyhedral and ball and stick representation of the chain of 
atoms are not shown for clarity (Color scheme is the same for all unless otherwise noted: 
vanadium (dark orange polyhedra), copper (blue polyhedra), arsenic (yellow polyhedra),
(red spheres), nitrogen (blue spheres), carbon (black spheres)).
 
 The square pyramidal copper(II) atom is coordinated to two nitrogen atoms from a 
phenanthroline ligand, a vanadium oxygen atom and two arsenic oxygen atoms. The square 
pyramidal V(V) site is coordinated to an oxo
arsonate oxygen atoms and one terminal oxo group. As noted previously, there are two
environments for the arsenic ligands. The first arsenic ligand bridges the metals to form 
trinuclear units, forming the one-
From the difference map it was observed that one of the
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-dimensional chain, [Cu(o-phen)VO2 
displayed in Figure 8.1.  
1.
 
-group bridging to the Cu(II) site, two different 
dimensional chain, while the second bridges the trinuclear units. 
 uncoordinated oxygen atoms of one of 
 
 
 Hydrogen 
 oxygen 
1,10-
 different 
 
the arsenate ligands is protonated. The protonated uncoordinated As
1.686(1)Å, whereas the unprotonated terminal oxo grou
As-O bond length of 1.672(1)Å. 
 The structure of 2 is an unusual example of a mix
described as [Cu(2,2’-bpy)VO2(O
consists of neutral clusters of [Cu(
[Cu(2,2’-bpy)V2O4(O3AsC6H5)2]. An image of the structure is displayed in 
 
Figure 8.2. Mixed polyhedral and ball and stick representation of the structure of 
atoms are not shown for clarity. 
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-O(H) bond length is 
p on the other arsenate ligand 
 
-dimensionality material. The structure, 
3AsC6H5)(HO3AsC6H5)][Cu(2,2’-bpy)V2O4(O
2,2’-bpy)VO2(O3AsC6H5)(HO3AsC6H5)] and neutral ch
Figure 
displays a 
3AsC6H5)2] 
ains of 
8.2. 
 
2. Hydrogen 
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The cluster contained in 2 consists of an edge sharing vanadium dimer, with each 
vanadium atom corner sharing to a square pyramidal copper atom, forming a tetranuclear unit. 
There are also four phenyl arsenic ligands associated with the cluster, which act to bridge the 
copper and vanadium atoms. The octahedral vanadium(V) centers in the cluster are coordinated 
to three different arsonate oxygen atoms, an oxo-group bridging to a copper atom and a terminal 
oxo group. Each copper(II) site is coordinated to two nitrogen atoms from 2,2’-bipyridine, two 
different arsonate oxygen atoms and one vanadium oxo-bridge.  
The tetrahedral arsenic sites display two distinct environments. One arsonate ligand is 
coordinated at all termini, linking two vanadium atoms and one copper atom. The second arsenic 
ligand is coordinated to one vanadium atom and projects a pendant oxygen atom. The difference 
map displayed a peak near the uncoordinated oxygen atom and was assigned as a hydrogen atom. 
The As-O(H) bond length is 1.73(2)Å. A depiction of the cluster is provided in Figure 8.3. 
 
Figure 8.3.Mixed polyhedral and ball and stick rep
[Cu(2,2’-bpy)VO2(O3AsC6H5)(HO
 
 The chain contained in 2, {Cu(
8.4(a). The building unit of the chain consists of four distorted square pyramidal vanadium 
centers, two distorted square pyramidal copper sites and six phenylarsonate ligands. The building 
unit is displayed in Figure 8.4(b)
which contains corner-sharing vanadium binuclear units which corner share to a copper center. 
The two trinuclear units are linked by two corner
phenylarsonate ligands link the two vanadium binuclear units, thereby forming the building unit. 
The building unit is then extended into a chain through a phenylarsonate ligand which corner
368 
resentation of the cluster,  
3AsC6H5)], in 2. Hydrogen atoms are removed for clarity.
2,2’-bpy)V2O4(O3AsC6H5)2}n, is displayed in 
. The building unit is split into two trinuclear units, each of 
-sharing phenylarsonate ligands. These 
 
 
Figure 
-
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shares to a vanadium-copper unit. Hence, the phenylarsonate ligands exhibit two different 
environments. One ligand is coordinated to vanadium oxygen atoms at all termini and tethers the 
vanadium binuclear units. The other phenyl arsenic acid ligand coordinates to one vanadium 
oxygen atom, one copper oxygen atom and one corner-sharing oxygen atom of the vanadium-
copper unit.  
 Each vanadium(V) distorted square pyramid is coordinated to two phenyl arsonate 
ligands, corner-shares to one vanadium atom and finally, corner shares with one copper and one 
arsonate oxygen atom. Each copper(II) distorted square pyramid coordinates to two nitrogen 
atoms from 2,2’-bipyridine, one arsonate oxygen atom, one vanadium oxygen atom and corner 
shares to one vanadium arsonate group.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.4. (a) Mixed polyhedral and ball and 
bpy)V2O4(O3AsC6H5)2], in 2 and (
atoms are removed for clarity. 
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(a) 
 
(b) 
 
stick representation of the chain, [Cu(
b) the inorganic chain of 2 (carbon atoms removed).
 
2,2’-
 Hydrogen 
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 8.3.3 Thermal Analyses 
 The TGA of compound 1 displays an initial sharp weight loss of about 28% between 360-
370°C which is attributed to the loss of the 1,10-phenanthroline ligand (24.7%, calculated). The 
next weight loss occurs from that point until the limiting temperature of the instrument, 800°C. 
The weight loss over this range is about 22%, which is assigned to the start of the decomposition 
of the organoarsonate ligands. The amorphous residue is most likely an inorganic oxide material. 
The TGA plot for compound 1 is shown in Figure 8.5.  
 The TGA of compound 2 displays an initial gradual weight loss of about 35% at 375°C 
which is assigned to the loss of the imine ligands and the initial decomposition of the 
organoarsonate ligands. The subsequent loss is gradual and continues to the limiting temperature 
of the instrument, 800°C. The weight loss that occurs over this period is about 20% and is 
attributed to the continuing decomposition of the organoarsonate ligands. The resulting 
amorphous residue is likely a mixed oxide material. The TGA plot for compound 2 is displayed 
in Figure 8.6.     
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Figure 8.5.  Thermogravimetric analysis profile for compound 1 in the 25-800oC range. 
 
Figure 8.6.  Thermogravimetric analysis profile for compound 2 in the 25-800oC range. 
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8.4. Conclusions 
Hydrothermal synthesis has been used to prepare two compounds of the Cu(II)/vanadium 
arsonate series: the one dimensional [Cu(o-phen)VO2(O3AsC6H5)(HO3AsC6H5)] (1) and the 
unique mixed dimensional one-dimensional chain and cluster structure of [Cu(2,2’-
bpy)VO2(O3AsC6H5)(HO3AsC6H5)][Cu(2,2’-bpy)V2O4(O3AsC6H5)2] (2). It is interesting to note 
that by merely changing the imine ligand and increasing the length of the reaction time by 24 
hours, with all other conditions remaining the same, two very different structures were produced.   
 The structure of 1 consists of a vanadium-copper-arsenic trinuclear unit which is tethered 
into a one-dimensional chain by the arsonate ligand. Structure 2 contains neutral clusters and 
chains. The clusters, which form a one-dimensional chain through hydrogen bonding (Figure 
8.7), consist of a tetranuclear unit comprised of a vanadium dimer which coordinates to two 
copper monomeric units. The cluster is then decorated by two different arsonate ligands, both 
acting to tether the vanadium dimeric unit to the copper monomers. The chain is very different 
from the chain described in 1, with the chain in 2 consisting of vanadium binuclear units being 
tethered to one another through one arsonate ligand, and to copper monomeric units through 
another arsonate ligand.   
 
 
 
Figure 8.7. The clusters in 2 form a one
(hydrogen bonds displayed with red dashed lines). Hydrogen atoms (except for those that are 
involved in H-bonding) are removed for clarity. 
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Conclusion 
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9.1 Conclusion 
 This research encompasses the study of metal-organic frameworks incorporating 
xylyldiphosphonate ligands. The metal(II) systems of Cu, Co, Ni, Mn, Cd and Zn were studied. 
Furthermore, the consequences of adding a secondary metal to these systems, such as 
molybdenum or vanadium, were examined. Unique structures, some with novel building blocks 
were observed with the addition of fluoride ligands. The immense structural diversity in this 
class of materials reflects the variable coordination geometries and environments of the metal 
centers, the variable protonation of the diphosphonate ligand along with the denticity of the 
organo-nitrogen ligand employed. The oxomolybdenum organoarsonate and oxovanadium 
organoarsonate families of materials were also studied, resulting in the preparation of a number 
of unique compounds, some with novel building blocks.  
 
9.2 The Metal(II)/Xylyldiphosphonate/Imine Chelate Family of Materials 
 Metal organo-diphosphonate materials have been studied for quite some time [1-6], 
however, a class of diphosphonate ligands which has received little attention until now are the 
xylyldiphosphonates. Our first studies into this family of materials were examining the 
metal(II)/xylyldiphosphonate/ imine ligand series. With the use of 1,2-, 1,3-, or 1,4-
xylyldiphosphonic acid, a metal(II) (metal(II)= Cu, Ni, Co, Mn, Cd, or Zn) and a secondary 
imine ligand, several materials have been produced. 
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9.2.1 Metal-Organophosphonate chemistry: Hydrothermal Syntheses and 
Structures of Copper(II) Xylyldiphosphonates with Organo-nitrogen Co-ligands 
 Hydrothermal synthesis was employed to prepare a series of novel materials in the 
Cu(II)/xylyldiphosphonate/organo-nitrogen chelate family of materials. The parent compound 
with no organo-nitrogen ligand incorporation,[Cu2(H2O)2(1,4-O3PC8H8PO3)] (1), displays the 
typical “pillared layer” material often seen in metal-organodiphosphonate compounds [1-4]. 
Surprisingly, a large number of the materials produced in this system were zero-dimensional 
molecular structures. Compounds 2·3H2O, 7·2H2O, and 11-13 were all zero-dimensional. Also 
represented in this series were the one-dimensional structures of 3·6H2O, 6, 9, and 
10·(H2O3PC8H8PO3H2)2·  2H2O, along with the two-dimensional structures of 4·3H2O, 5, and 
8·2H2O. The only extended three-dimensional material produced in this series was the parent 
compound pillared layer structure of 1. 
 Even though the dimensionality of structures 2-13 were reduced, the final structure was 
not predictable. The 2,2’-bipyridine derivatives displayed two-dimensional (8·2H2O), one-
dimensional (9) and zero-dimensional (7·2H2O) structures. The 1,10-phenanthroline compounds 
displayed two dimensional (compounds 4·3H2O and 5), one-dimensional (compounds 3·6H2O 
and 6), and zero-dimensional (compound 2·3H2O) structures. Curiously, the use of the bi-
nucleating ligand tetra-2-pyridinylpyrazine, which would be expected to yield higher 
dimensionality structures due to the nature of the ligand, produced the molecular structures of 
11·2H2O and 12·1,4-H2O3PC8H8PO3H2·8H2O along with the one-dimensional structure of 
10·1,4-H2O3PC8H8PO3H2·2H2O. This unpredictability in the final product produced is dependent 
on several structural determinants including coordination geometry of the copper(II) atom, 
variable aqua coordination, along with variable protonation of the –PO3 termini. A common 
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motif displayed throughout the majority of the structures synthesized is the secondary building 
unit, [Cu2(O,O’-phosphonate)2].  
 
9.2.2 Metal-Organophosphonate Chemistry: Hydrothermal Syntheses and 
Structures of Metal(II) Xylyldiphosphonates with Organo-nitrogen Coligands 
(Metal(II) = Mn, Co, Ni) 
 A series of structures were produced through hydrothermal synthesis in the 
Mn(II)/Co(II)/Ni(II) family of xylyldiphosphonate compounds with an organo-nitrogen 
secondary ligand. The most obvious structural determinant in this series of compounds was the 
xylyldiphosphonate ligand employed- whether it was the 1,2-, 1,3-, or 1,4-xylyldiphosphonate. 
Hence, when comparing the two-dimensional networks in the series, the structures which 
incorporate 1,2-xylyldiphosphonate (1, 4, and 7) are distinct from the structures that incorporate 
1,3-xylyldiphosphonate (2, 5, 6, 8, 12, and 13). In compounds 3·1,4-HO3PC8H8PO3H, 10·1,4-
HO3PC8H8PO3H, and 14·1,4-HO3PC8H8PO3H, employing 1,4-xylyldiphosphonate yielded one-
dimensional chain structures expanded virtually into two dimensions through hydrogen bonding.  
 Just as in the copper(II) series of compounds, there are a series of structural determinants 
such as the variable protonation of the diphosphonate ligand and also the free rotation of the 
HnPO3- groups on the phenyl ring, yielding a syn or anti configuration. Moreover, just as in the 
Cu(II) series the common secondary building unit of [M2(O,O’-phosphonate)2] (M=Mn(II), 
Co(II), Ni(II)) is observed. 
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9.2.3 Metal-Organophosphonate Chemistry: Hydrothermal Syntheses and 
Structures of Metal(II) Xylyldiphosphonates with Organo-nitrogen Coligands 
(Metal(II) = Cd, Zn) 
 Through the methods of hydrothermal synthesis twelve new compounds in the 
Cd(II)/Zn(II) family of xylyldiphosphonate compounds incorporating a secondary organo-
nitrogen ligand were synthesized. Throughout the series the most predominant dimensionalities 
observed for these materials are one- and two-dimensional. The structures of 1, 2·H2O, 5·H2O, 7, 
and 11 are all one dimensional and the structures of 4, 8, and 10 are two-dimensional networks. 
Surprisingly, when 1,4-xylyldiphosphonate ligand was employed, two three-dimensional 
structures were produced, 6·3H2O and 12. Due to the spatial expansion that the diphosphonate 
ligand could provide, the organo-nitrogen chelates were able to fit in the void spaces, thereby 
providing a three-dimensional material. Just as seen in the Mn(II)/Co(II)/Ni(II) series of 
materials, two compounds, 3·1,4-HO3PC8H8PO3H and 9·1,4-HO3PC8H8PO3H, are constructed 
from one-dimensional chains which hydrogen bond to uncoordinated 1,4-xylyldiphosphonate to 
yield a virtual two-dimensional material through hydrogen bonding.  
 Throughout this series a number of structural motifs were revealed. The structural motifs 
observed include the one-dimensional [M(N~N)(1,3-HO3PC8H8PO3H)] (M = metal, N~N = 
organo-nitrogen co-ligand), the two-dimensional materials of [M(N~N)(1,2-HO3PC8H8PO3H)] 
and [M(N~N)(1,3-HO3PC8H8PO3H)], along with the virtual hydrogen-bonded two-dimensional 
phases of [M(N~N)(1,4-H2O3PC8H8PO3H2)]·1,4-HO3PC8H8PO3H. Structural determinants such 
as variable protonation of the diphosphonate ligand, coordination at the metal centers and ligand 
sizes also played a role in the structural diversity of these compounds.     
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 9.2.4 Structural Trends 
 As expected, the addition of an organo-nitrogen ligand to the M(II)/xylyldiphosphonate 
system reduced the overall dimensionality of the structure produced from the typical pillared 
layer material seen in compound 1 of the Cu(II) series. Despite the expectation of decreased 
dimensionality with the introduction of organo-nitrogen chelates, the three-dimensional materials 
of [M(o-phen)(1,4-HO3PC8H8PO3H)] (M = Co, Cd) and the unusual [Zn4(o-phen)4(1,4-
HO3PC8H8PO3)2(1,4-HO3PC8H8PO3H)]·3H2O were produced. The three dimensional structures 
in this series were only observed with 1,4-xylenediphosphonate which is able to provide the 
spatial expansion necessary to incorporate the ancillary imine ligands into the void spaces of the 
framework material.   
 It is interesting to note that the multidentate capacity of the diphosphonic acid ligands 
results in the formation of insoluble polymeric materials and extended structures [7] with 
molecular materials rarely encountered. In our research, the molecular species that were 
encountered were exclusively with copper(II). The geometry at the copper centers in the 
molecular complexes is ‘4+1’ axially elongated, which is common of Cu(II) d9 Jahn-Teller 
distorted complexes. 
 The denticity of the organo-nitrogen ligand provided drastic structural consequences. For 
example, it was assumed that when the binucleating ligand tetra-2-pyridinylpyrazine was used it 
would produce higher dimensional structures. However, in the case of the Cu(II) series of 
materials the molecular structures of [Cu2(tpyprz)(1,2-HO3PC8H8PO3H)2]·2H2O and 
[Cu4(Cl)4(tpyprz)2(1,4-H2O3PC8H8PO3H)2]Cl2·1,4-H2O3PC8H8PO3H2·8H2O were observed and 
for the Co(II)/Ni(II)/Mn(II)/Cd(II)/Zn(II) family of compounds, the one-dimensional 
[M(tpyprz)(1,2-HO3PC8H8PO3H)] (M = Co, Ni, Zn) and [Ni2(tpyprz)(1,4-
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HO3PC8H8PO3H)2]·4H2O structures were observed. It is also interesting to note that in all cases 
except one, [Ni2(tpyprz)(1,4-HO3PC8H8PO3H)2]·4H2O, the tetra-2-pyridinylpyrazine coordinates 
to the metal center at a single site, with the other arm remaining pendant and un-coordinated.  
 The coordination preferences along with the geometry at the metal center are yet other 
structural determinants. For example, the Cu(II), Cd(II) and Zn(II) structures with 1,3-
xylenediphosphonic acid and the organo-nitrogen ligand of 1,10-phenanthroline or 2,2’-
bipyridine displayed square pyramidal {MN2O3} geometries, whereas the structures of this series 
with Mn(II), Co(II) or Ni(II) displayed octahedral {MN2O4} environments. The predominant 
geometry displayed throughout the series of structures is square pyramidal, although octahedral 
geometry is not uncommon.  
 Throughout the series of compounds there are a number of recurrent structural motifs. 
For example, the one-dimensional phases of the type [M(N~N)(1,3-HO3PC8H8PO3H)] are seen 
for Cu(II), Zn(II), and Cd(II) series with 2,2’-bipyridine and 1,10-phenanthroline chelating 
ligands; however, the same overall composition results in a series of two dimensional materials 
with the metals of Mn(II), Co(II) and Ni(II). The similarity between the one- and two-
dimensional phases lies in the core building block, {M2(di-µ-O,O-phosphonate)2}.  
 Two additional structural motifs, defined as [M(N~N)(1,2-HO3PC8H8PO3H)] and 
[M(N~N)2(1,4-HO3PC8H8PO3H)]·1,4- H2O3PC8H8PO3H2 were observed. The first structural 
motif displays a persistent secondary building unit of {M2(di-µ-O,O-phosphonate)2}, which is 
observed for all of metals of this study in which crystalline materials were produced. However, 
there are two distinct structural types in the Zn(II) family of compounds based on the 
{Zn(RPO3)2} building unit; in one case this building unit was observed with 2,2’-bipyridine with 
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aqua ligand coordination and in the second case with coordination to a tetra-2-pyridinylpyrazine 
ligand.  
    The most interesting structural motif in this series of compounds is the [M(N~N)2(1,4- 
HO3PC8H8PO3H)]·1,4- H2O3PC8H8PO3H2 family of materials. This structural motif is observed 
with all metals of the series excluding Cu(II) due to its demand for a specific coordination 
environment. The structures in this series are described as {M(N~N)2(1,4-H2O3PC8PO3H2)} n
2n+  
chains which are linked into a virtual two-dimensional material via hydrogen-bonding of 
{HO3PC8H8PO3H}
2- anions.  
  
 9.2.5 Future Work 
 The metal(II)/xylyldiphosphonate/organo-nitrogen chelate family of materials with 
Cu(II), Co(II), Ni(II), Mn(II), Zn(II) and Cd(II) has been explored quite extensively with the 
imine ligands of 1,10-phenathroline, 2,2’-bipyridine, 2,2’-dipyridylamine and tetra-2-
pyridinylpyrazine. This work also encompassed the addition of a secondary metal component of 
Cu(II) to this family of materials. It would be interesting to add a secondary metal to the Ni(II), 
Co(II), Mn(II), Cd(II) and Zn(II) families of materials in order to see what structural 
consequences it will have and to also reveal if there will be any recurrent structural motifs as was 
observed in the metal(II) family of diphosphonate materials. Furthermore, work can also be done 
with other binucleating ligands which were not examined in this study such as the commercially 
available 2,2’-bipyrimidine (Figure 9.1). 
 
Figure 9.1. The structure of the commercially available binucleating ligand 2,2’
  
9.3 Solid State Coordination Chemistry of Oxomolybdenum
Materials: Consequences of Introducing Xylyldiphosphonate Components
 Through hydrothermal synthesis compounds 
organodiphosphonate family of m
series are built from the common 
 
Figure 9.2. The {Mo5O15(O3PR)
polyhedra), phosphorous (yellow polyhedra), oxygen (red spheres), carbon (black spheres)).
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1-14 of the oxomolybdenum
aterials were produced. The majority of the materials in this 
{Mo5O15(O3PR)2}
4- building block, displayed in 
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4- building block (Color scheme: molybdenum (green 
bipyrimidine. 
-
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 Compounds 1-4 in this series of oxomolybdenum/M(II)-imine/xylyldiphosphonate family 
of materials are all one-dimensional and exhibit the common chain building block of 
{Mo5O15(O3PR)2}
4-. In the case of 1-4 the chain building block is unadorned by a metal-imine 
subunit. Instead, there are uncoordinated counter-cations which act to charge balance the one 
dimensional chains. Even though the same one-dimensional chain is exhibited, the main 
difference is in the effect that the xylyldiphosphonate component has on the ruffling of the chain. 
Compounds 5·6H2O, 6·4H2O and 8·4H2O are also one-dimensional, exhibiting the common 
{Mo5O15(O3PR)2}
4- building block. However, as opposed to compounds 1-4, compounds 
5·6H2O, 6·4H2O, and 7 are adored by a secondary metal(II)-imine subgroup. 
 Compound 7 is also one-dimensional, however, it is unique in that it is constructed from 
two distinct chains. It has a cationic {Cu2(o-phen)2(H2O)2(HO3PC8H8PO3H)} n
2n+  chain and an 
anionic [{Cu(o-phen)(H2O)}Mo5O14(OH)( 1,4-O3PC8H8PO3)] n
n− chain. Furthermore, structure 7 
is also unique in that the molybdophosphonate chain is constructed from a variant of the normal 
pentamolybdate unit, it is built from {Mo5O14(OH)(1,4-O3PC8H8PO3)} n
3n− chains. 
 Structures 8·4H2O and 9·6H2O are also one-dimensional chains. However, the secondary 
metal(II) present in these structures is nickel(II). Nickel(II) adopts a more regular octahedral 
geometry as opposed to Jahn-Teller distorted copper(II). An interesting characteristic about the 
structure of 8·4H2O is that there is only one point of attachment between the nickel(II) center and 
the molybdate cluster, as opposed to two through five attachment points in previous examples. 
Rather than displaying the usual pentamolybdate cluster, compound 9·6H2O is constructed from 
a hexamolybdate cluster, and is therefore built from {Mo6O18(H2O)(O3PR)2}
4- chains. The 
building unit is similar to the previously reported 
[{Cu(terpy)}2Mo6O17(H2O)(O3PCH2NH2CH2PO3)] and 
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[{Co2(tpyprz)(H2O)2}Mo6O18{O3P(CH2)5PO3}]·2H2O [8, 9] compounds.  An interesting 
characteristic of the structure of 9·6H2O is the nickel(II)-tetra-2-pyridinylpyrazine coordination 
environments. There are two distinct nickel(II) centers: the first nickel site coordinates to three 
nitrogen atoms from tetra-2-pyridinylpyrazine ligand, two aqua ligands and an oxo-group which 
links the nickel(II) center to the molybdate cluster; the second nickel(II) coordinates to the 
second terminus of the tetra-2-pyridinylpyrazine ligand, along with another tetra-2-
pyridinylpyrazine ligand, yielding a {NiN6} coordination sphere. A curious feature of this 
structure is that the tetra-2-pyridinylpyrazine ligand which coordinates to the {NiN6} subunit 
remains un-coordinated and pendant at its second terminus.  
 Minor variations in the reaction conditions provide the two-dimensional structure of 
10·4H2O. In this case, the tetra-2-pyridinylpyrazine ligand adopts the normal binucleating mode, 
providing {Ni2(tpyprz)(H2O)2}
4+ clusters which link together molybdophosphonate chains into a 
two-dimensional layer. Unique to the molybdophosphonate clusters is that the building block is a 
tetranuclear {Mo4O10(O3PR)4}
4- cluster. This building block has been encountered before, for 
example in [{Cu(2,2’-bpy)}2Mo4O10(1,4-O3PC8H8PO3)] [10], however, the connectivity of the 
molybdate cluster is unique for structure 10·4H2O, thus representing a novel building unit.  
 Structure 11·2H2O is three-dimensional, built from the usual {Mo5O15(1,4- 
O3PC8H8PO3)} n
4n− chains. However, the unique characteristic of structure 11·2H2O is in the 
coordination of the metal(II) subunit. The {Ni(2,2’-dpa)(H2O)2}
2+ adopts an unusual linkage 
mode in that it bridges neighboring chains so that each molybdate cluster is coordinated with 
four nickel subunits and forms six contact points with the secondary metal subunits. This is an 
exceptionally large number of contact points, compared to two through four contacts, which are 
most common.       
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 9.3.1 Incorporation of Fluoride 
 Structures 11-14 exhibit fluoride incorporation in their structures. The common 
consequence of fluoride incorporation is the disruption of the pentamolybdate building unit, 
which results in building units that are mononuclear, binuclear or tetranuclear [11-12]. 
Compound 12·H2O is constructed from copper diphosphonate chains which coordinate to 
pendant molybdenum oxyfluoride units. Structure 12·H2O is unique in that there are two distinct 
molybdenum oxyfluoride groups, {MoFO5} and {MoF2O4}. These groups attach to the chain 
through single phosphonate oxygen atoms. The building unit of 12·H2O, {Mo2F3O4(O3PR)2}
3- is 
similar to the building unit encountered in [{Cu2(bisterpy)(OH)}Mo2F3O4{O3PCH2PO3}] [13], 
with the exception being differences in copper subunit connectivities.   
 Compound 13·H2O is unique in that it is built from two distinct chains. It is built from the 
anionic chain of [{Cu(terpy)(H2O)}Mo2F3O4 (1,2-O3PC8H8PO3)] n
n−  and the cationic chain of  
[{Cu2(terpy)2(H2O)2}Mo2F3O4(1,2-O3PC8H8PO3)] n
n+ . Both chains contain a binuclear 
oxyfluoromolybdate unit which is linked through a fluoride ligand. This compound is an 
exceptional example displaying both anionic and cationic secondary metal-molybdophosphonate 
building units.     
   Compound 14 is three-dimensional and contains a very unique building unit exhibiting no 
similarities to previous reported examples of oxyfluoromolybdate-phosphonate materials. The 
building unit is defined as a {Cu3Mo2P2} cluster consisting of two copper square pyramids, a 
copper ‘4+2’ octahedron, four phosphorous tetrahedra and two molybdenum octahedra.   
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9.3.2 Future Work 
The work presented here just scrapes the surface of the oxomolybdenum/metal(II)-
imine/xylyldiphosphonate family of compounds. The incorporation of fluoride into this system 
has produced unique building units, such as that seen in compound 14. The only ligand used in 
this study which was able to bridge multiple metal centers was tetra-2-pyridinylpyrazine, 
therefore, it would be interesting to use larger multi-nucleating ligands in this system such as 
bisterpy or phenyl-bisterpy.  The tether length of the xylenediphosphonate ligand could also be 
modified to include an additional phenyl group between the phosphonate ends. Figure 9.3 
provides the structures of the multi-nucleating ligands 2,2':4',4":2",2-quaterpyridyl-6',6'-di-2-
pyridine (bisterpy) and phenyl-bisterpy, respectively. 
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Figure 9.3. The structures of the multi-nucleating ligands of 2,2':4',4":2",2-quaterpyridyl-6',6'-
di-2-pyridine (bisterpy) and phenyl-bisterpy, respectively. 
 
9.4 Structural Consequences of Fluoride Incorporation into Oxovanadium-
Xylyldiphosphonates with Charge Compensating Copper(II)-Imine Components 
 Through the synthetic technique of hydrothermal synthesis, the introduction of vanadium 
as a secondary metal into the Cu(II)/xylyldiphosphonate/organo-nitrogen ligand family of 
materials yielded eight new compounds. Of the eight compounds, six of them had fluoride 
incorporation. Compounds 1 and 2, however, did not contain fluoride in the final product. 
Compound 1 is a two-dimensional layer built from binuclear copper-vanadium units that are 
tethered in four directions by the xylyldiphosphonate ligand, to provide the two-dimensional 
connectivity. Compound 2 is a one-dimensional chain which is constructed from bimetallic 
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copper-vanadium tetranuclear units. Each diad of the tetrad is linked through the 
xylyldiphosphonate ligand. Instead of the diphosphonate ligand providing an extended two-
dimensional structure as in 1 by tethering chains to one another, in compound 2, the 
xylyldiphosphonate runs parallel to the one-dimensional chain, thereby preventing further 
dimensional expansion.   
  
 9.4.1 Incorporation of Fluoride 
 Of the eight compounds produced in the oxovanadium/Cu(II)/xylyldiphosphonate/ 
organo-nitrogen ligand family of materials, six of them fall into the oxofluorovanadium/Cu(II)/ 
xylyldiphosphonate/ organo-nitrogen ligand series, compounds 3, 4, 5, 6·H2O, 7 and 8·2H2O. 
The only representation of a one-dimensional chain in this series is provided by the double-chain 
structure of compound 3. Compound 3 is built from the common {Cu2(N~N)2(O,O′-
phosphonate)2} secondary building units which are linked into a double chain by a vanadium 
oxyfluoride corner-sharing binuclear unit. Further structural dimensionality is prevented due to 
the second vanadium monomeric site off of the double chain acting pendant and uncoordinated.    
 The two-dimensional compounds of this series are represented by compounds 4, 5, and 
6·H2O. In a similar behavior to compound 3, compound 4 is also built from the common 
{Cu2(N~N)2(O,O′-phosphonate)2} secondary building unit, however, in the case of compound 4, 
these units are linked into a one-dimensional chain by vanadium oxyfluoride groups with the 
xylyldiphosphonate ligand tethering the one-dimensional chain into a layered material. The two-
dimensional layer in compound 5 is constructed from chains of corner-sharing copper and 
vanadium square pyramids along with phosphonate tetrahedra. These chain building units are 
then tethered into a two-dimensional layer via the diphosphonate ligand. Uniquely, the two 
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dimensional structure of 6·H2O is constructed from two different alternating chains, the first 
chain being identical to the chain substructure of compound 5 and the second chain consisting of 
tetranuclear copper-vanadium units tethered to one another through the phosphorous tetrahedra. 
Again, the two distinct chain building units are tethered to one another producing a layer via the 
organic tether of the diphosphonate ligand.   
 The two three-dimensional framework materials in this series are provided by compounds 
7 and 8·2H2O. Structure 7 is built from copper-vanadium diphosphonate layers which form an 
eleven-polyhedral connect. The layers are then tethered into three-dimensions through the 
organic tether of the diphosphonate ligand. Compound 8·2H2O, on the other hand, is constructed 
from vanadium oxyfluoride phosphonate chains which are linked into a layer via the organic 
tether of the diphosphonate ligand. The layers are again tethered to one another, producing a 
three-dimensional framework material, by the {Cu2(tpyprz)}
4+ units.    
 
 9.4.2 Future Work 
 In our research we have merely scratched the surface of the oxovanadium/Cu(II)/ 
xylyldiphosphonate/organo-nitrogen ligand and the oxofluorovanadium/Cu(II)/ 
xylyldiphosphonate/ organo-nitrogen ligand families of materials. There is a lot more work that 
can be completed in both of these series. For instance, in our work we only studied Cu(II) as the 
secondary metal. Therefore, in the future other metal(II) compounds could be synthesized with 
metals such as nickel(II), cobalt(II), cadmium(II) and zinc(II). Other secondary nitrogen ligands 
could also be employed such as bisterpy and phenyl-bisterpy, displayed in Figure 9.3 above. The 
use of binucleating ligands such as these should theoretically produce higher dimensionality 
complex structures. With continued work in the field it is our hope that recurrent structure motifs 
394 
 
will become clear, thereby providing a level of predictability in the 
oxovanadium/Cu(II)/xylyldiphosphonate/organo-nitrogen ligand and the 
oxofluorovanadium/Cu(II)/xylyldiphosphonate/ organo-nitrogen ligand families of materials. 
 
9.5 The Oxomolybdenum Organoarsonate Family of Compounds 
 The series of M(II)-imine/MoxOy/RAsO3
2- materials has a persistence of 
hexamolybdoarsonate cluster building blocks and to a lesser extent the decamolybdoarsonate 
unit. The hexamolybdoarsonate building unit has been observed as three distinct cluster types, 
the frequently observed {Mo6O18(O3AsR)2}
4- cluster, and the less common clusters of  
{Mo6O18(H2O)(O3AsR)2}
4- and {Mo6O17(H2O)(OH)(O3AsO6H6)2}
3- [14-15]. Even though the 
hydrated form of the {As2Mo6} cluster has been previously published [16], the cluster present in 
compound 2·4H2O is unique.  
Previous studies have revealed the tetranuclear and octanuclear clusters 
{Mo4O10(O3AsOH)4}
4- and {Mo8O28(OH)2(O3AsO)}
5-  [17-20]. However, the only other unique 
cluster encountered in our studies beside the hexamolybdoarsonate and dodecamolybdoarsonates 
listed above is the unusual tetranuclear {Mo4O12(OH)(O3AsO)}
4- cluster, which is the building 
unit in [{Cu(terpy)}2Mo4O12(OH)(AsO4)].  
 Despite numerous attempts to crystallize materials in this system with metals other than 
Cu, we have only had success in the [{M(2,2’-bpy)2}Mo6O18(O3AsC6H5)2] (M = Co, Ni, Zn) 
series. Excluding this series of compounds, all other compounds which include secondary metal-
ligand subunits adorning a molybdoarsonate cluster exclusively integrate copper(II). This is most 
likely due to the fact that Jahn-Teller distorted Cu(II) allows more flexible geometries, bond 
lengths and coordination polyhedra. 
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 In examining the series of compounds, it is also observed that the number of Mo-O-Cu 
bridging interactions varies from one in [{Cu(L)2}Mo12O34(O3AsR)4]
2- (L = bpy, phen) to six in 
[Cu2(tpyprz)Mo6O18(O3AsC6H5)2] [20]. Despite the range of Mo-O-Cu bridging interactions, 
however, there is no correlation between the number of bridging interaction and the 
dimensionality of the structure. For example, four Mo-O-Cu bridges are observed for molecular 
as well as one- and two-dimensional structures in this series of compounds. Furthermore, another 
unpredictable characteristic of this series is the occurrence of aqua coordination which occurs 
commonly at Cu(II) sites, however, it also occurs within the molybdoarsonate cluster.     
 
 9.5.1 Future Work 
 The molybdoarsonate system of materials has been studied for some years now [21-27], 
yet there is still research that can be completed. Very few metal-organic frameworks 
incorporating diarsonate ligands have been reported. With the introduction of diarsonate ligands, 
there is a higher likelihood that the materials produced would be higher in dimensionality, and, 
therefore, more complex, as opposed to the mainly molecular structures produced in this study. 
Because of the placement of arsenic on the periodic table, below phosphorous, it is expected that 
diarsonate ligands would act very similarly to diphosphonate ligands. It would be interesting to 
compare structural motifs of compounds that include diarsonate ligands versus those that include 
diphosphonate ligands to see which structural motifs span both families of compounds and which 
are unique for each class.  
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9.6 The Oxovanadium Organoarsonate Family of Compounds 
 Despite the interest in the molybdoarsonate family of materials, the vanadium arsonates 
have not received as much attention. The brief study encompassed in this work involved the 
synthesis of two new vanadium arsonate compounds, the one-dimensional [Cu(o-phen 
VO2(O3AsC6H5)(HO3AsC6H5)] and the unique mixed-dimensionality structure of [Cu(2,2’-
bpy)VO2(O3AsC6H5)(HO3AsC6H5)][Cu(2,2’-bpy)V2O4(O3AsC6H5)2], which consists of a cluster 
and a one-dimensional chain. The one dimensional chain structure of [Cu(o-
phen)VO2(O3AsC6H5)(HO3AsC6H5)] consists of a trinuclear unit comprised of a square 
pyramidal copper(II) that is corner-sharing to both a square pyramidal vanadium center and a 
tetrahedral arsenic group. These trinuclear units are then tethered to one another by a second, 
bridging phenylarsonic acid ligand.  
The unique mixed dimensional structure of [Cu(2,2’-
bpy)VO2(O3AsC6H5)(HO3AsC6H5)][Cu(2,2’-bpy)V2O4(O3AsC6H5)2] consists of a neutral chain 
and a neutral cluster. The chain is very unique from the chain present in [Cu(o-phen)VO2 
(O3AsC6H5)(HO3AsC6H5)], with the chain in the mixed dimensionality structure consisting of 
vanadium binuclear units which are tethered to one another through one arsonate ligand, and to 
copper monomeric units through another arsonate ligand. The cluster present in the structure is a 
tetranuclear unit consisting of a vanadium dimer that links to two copper monomeric units. The 
cluster is then adorned by two different arsonate ligands, both acting to link the vanadium 
dimeric unit to the copper monomeric units. 
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 9.6.1 Future Work 
 The vanadium arsonate family of materials has been studied much less than the 
molybdoarsonate family of materials; therefore, there is much work that can still be completed. 
For example, it would be interesting to use bi-nucleating ligands such as tetra-2-
pyridinylpyrazine, which should yield higher dimensional and more complex materials such as 
two-dimensional networks or three-dimensional frameworks.   
 
9.7 Multi-Functional Ligands 
 Another class of ligands which the Zubieta group is interested in are multi-functional 
ligands. Both diphosphonate [28-31] and tetrazole [32-35] ligands have been studied by the 
Zubieta group for quite some time. Combining the attributes of both types of ligands into one 
multi-functional ligand is a goal of the group. In the course of my research I have synthesized the 
multi-functional 1,4-HN4C8PO3H2 ligand, consisting of a phosphonate end and a tetrazole end. 
Figure 9.4 displays an image of the structure of the 1,4-HN4C8PO3H2 ligand. 
 
 
 
Figure 9.4. The structure of the multi
same for all unless otherwise noted: phosphorous (yellow spheres), oxygen (red spheres), carbon 
(black spheres), nitrogen (blue spheres), hydrogen (pink spheres)).
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-functional 1,4-HN4C8PO3H2 ligand (Color scheme is the 
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 Preliminary studies have been conducted with this ligand to afford two novel compounds: 
the one dimensional chain of  [Co(H2O)2(1,4-N4C8PO3H2)2]·2H2O (Figure 9.5) and the two-
dimensional network material of [Cu(H2O)(1,4-N4C8PO3H)]·H2O (Figure 9.6(a)). The first 
structure, [Co(H2O)2(1,4-N4C8PO3H2)2]·2H2O, displays an octahedral cobalt(II) center 
coordinated to two aqua ligands, two nitrogen atoms from the tetrazole end of the ligand and two 
phosphonate oxygen atoms from the phosphonate end of the ligand. Because the cobalt(II) center 
coordinates to two aqua ligands, structural expansion is prevented. However, with a change in 
experimental conditions it is possible that the aqua ligands could be substituted either for oxo-
groups coordinating to another cobalt center or further ligand coordination. The second structure, 
[Cu(H2O)(1,4-N4C8PO3H)]·H2O, displays an octahedral copper(II) center which coordinates to 
two nitrogen atoms from the tetrazolate part of the organic ligand, two phosphonate oxygen 
atoms and two oxygen atoms which coordinate to the next Cu(II) center. This coordination yields 
copper-phosphonate chains, displayed in Figure 9.6(b), which could lead to interesting magnetic 
properties. 
 It is our hope that the further investigation of this ligand with other metal(II) species as 
well as the introduction of the metal(II)-ligand system to a secondary metal such as molybdenum 
or vanadium, that an interesting and diverse structural chemistry will emerge with magnetically 
interesting materials.     
  
 
Figure 9.5. The one-dimensional structure of 
scheme: same as above with cobalt: purple spheres).
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Figure 9.6. (a) The one-dimensional structure of 
copper phosphonate chain in [Cu(H
with copper (dark blue polyhedra)).
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9.8 General Conclusions 
 The hybrid organic-inorganic materials presented here are a result of the combination of 
inorganic moieties with functional organic molecules. The systems of materials which have been 
studied include the metal(II) series of Cu(II), Ni(II), Co(II), Mn(II), Cd(II), and Zn(II) with a 
xylyldiphosphonate ligand and imine secondary ligand; the Mo/metal(II)/xylyldiphosphonate/ 
organo-nitrogen imine series; the V/metal(II)/xylyldiphosphonate/organo-nitrogen imine family 
of materials; the oxomolybdenum organoarsonate and the oxovanadium organoarsonate families 
of materials. Throughout this work several structural determinants have been revealed. Such 
structural determinants include the xylyldiphosphonate ligand used (whether the 1,2-, 1,3- or 1,4-
xylyldiphosphonate ligand), the identity of the metal(II)-imine subunit and the variable 
protonation of the diphosphonic acid ligand. Other structural determinants include variable aqua 
coordination, the oxidation states of the metal centers, the incorporation of fluoride and the 
coordination geometry at the metal sites.  
 A large range of structural motifs has been observed and new building blocks have been 
discovered. Therefore, there remains much to be explored in order to further our understanding 
of these materials. The ultimate goal in the study of any system of metal-organic framework 
materials is predictability. Although this remains elusive, with continued research and 
development of a library of materials this goal may someday be achieved. 
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